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ABSTRACT
This Thesis is primarily concerned with the effects of abrasive 
machining (diamond grinding) and diamond indentation on the 
fracture properties of a range of silicon nitride materials. 
Test specimens machined to surface finishes representative of 
those found on Aero Gas Turbine components were produced for 
Modulus of Rupture (MOR) testing, and variations in the fracture 
strengths were assessed. Optical and Scanning Electron 
Microscopy (SEM) were performed as a means of identifying the 
nature of the defects found within these materials. Having 
determined the dependence of strength and reliability on the 
machined surface finish, attempts were made to palliate the 
machining damage by thermal annealing and Nitrogen Ion 
Implantation. X-ray diffraction residual stress measurements 
were performed in order to quantify the magnitude of the near 
surface stresses in both the "as machined" and annealed 
conditions.*
Diamond indentation techniques (Vickers and Knoop) were employed 
in order to determine the hardness of the materials studied and 
to quantify the extent of the Indentation Size Effect (ISE). 
These studies were then extended to the point of indentation 
fracture as a means of assessing the materials fracture toughness 
(Kj(^ ) and the nature of the crack systems beneath the 
indentation.
Residual stress measurements were carried out on a sub contract basis at the CEGB Central Laboratories by P E J Flewitt and D Lonsdale, their help throughout this work is gratefully acknowledged.
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1.5 PROJECT OBJECTIVES
1.1 HISTORICAL OVERVIEW
A Rational Return to the Stone Age ?
"Splitting and fusing the atom, both derive, conceptually 
from a discovery made in pre-history: that stone and all 
matter has a structure along which it can be split and put 
together in new arrangements". (2).
The first use of ceramic materials can be traced back 
through the archaeological record to the period of "pre-history". 
Flint is a naturally occurring fine grained quartz material that 
exhibits the potential to be cleaved or "knapped", and thus hold 
an edge. Evidence supporting the use of stone tools may go back 
as far as two million years. Examination of the remains found 
at the Taung Site in Southern Africa by the Anatomist Raymond 
Dart in 1924, reveals much about the style of life at the time:
"The teeth are always tell-tale. Here they are small, they 
are square - they are a child's milk teeth - they are not the 
great fighting canines that apes have. That means that this was 
a creature that was going to forage with its hands and not its 
mouth. The evidence of the teeth also implies that it was 
probably eating meat, raw meat; and so the hand using creature 
was almost certainly making tools, pebble tools, stone choppers, 
to carve it and to hunt". (2).
The impact that flint tools must have made on the overall 
life-style of early man cannot be understated. The increased 
efficiency with which man could hunt, and his subsequent ability 
to cut and harvest crops, aided the transition of man from 
nomadic hunter - gatherer to village dweller. This led to the 
more efficient cultivation of foodstuffs and an increase in the 
numbers of the now settled population. Mans adaptability as a 
tool using animal has thus played a significant role in the 
"success" of the species.
In some ways, the wheel can now be said to have come full 
circle in that ceramics are again being widely used as cutting 
tool tips and abrasives in both industrial and "D.I.Y" 
applications. Future improvements in processing technology and 
the abundance of raw materials must mean that these materials are 
not only here to stay, but will find increasingly wider uses in 
both "high" and "low" technology applications. One such 
application is in future energy conversion systems, heat engines 
or power plants.
This thesis is primarily concerned with the damage produced 
by the diamond machining of Silicon Nitride Ceramics. These 
materials have shown great potential for heat engine applications 
due to their retention of useable properties at high 
temperatures. The following chapter reviews the potential uses 
of this material in the aero gas turbine, outlines the various 
manufacturing routes used and explains why it is that this 
material must be diamond machined in order to produce engineering 
components of complex geometry.
1.2 THE POTENTIAL FOR CERAMIC MATERIALS IN THE AERO 
GAS TURBINE
The cycle efficiency of heat engines such as the internal 
combustion engine or gas turbine is determined primarily by the 
peak operating or combustion temperature of the system (3,4 ). 
In an attempt to further refine the performance of the aero - gas 
turbine, there has been widespread interest in the use of ceramic
materials offering high temperature capability and thermal shock 
resistance (3,4,5). This section deals with some potential 
applications for these materials in the aero - gas turbine.
1.2.1 HISTORICAL OVERVIEW
During the last four decades of aero gas turbine 
development, the major improvements in engine performance have 
been made as a result of improved materials technology. Table
1.2.1 (5) shows the increasing trends in Thrust/Weight ratio. 
Turbine entry temperature (TET) and compression ratio over the 
last 45 years, and those expected by the turn of the century;
Table 1.2.1 (6).
Parameter 1940 1987 2000 +
Thrust/weight
Turbine entry temperature (TET) 
Compression ratio
3:1
800 C 
4:1
10:1 
1400 C 
30:1
20:1 
2000 C 
40:1
A future prediction for the maximum metal temperature of 
current nickel based super-alloys (with thermal barrier coatings) 
is about 1200 C (7). Therefore, in order to prevent metallic 
components from reaching their melting temperatures in a 1600 K 
gas stream, current turbine components are force cooled by 
bleeding air from the compressor which is used to film cool the 
aerofoil surfaces via a complex series of precision cast cooling 
holes along the leading and trailing edges of the blade. At 
present, total cooling flows may account for up to 20% of the 
engine mass flow. Further increases in TET will thus demand a 
commensurate increase in cooling air flows. However, the use of 
cooling air bled from the compressor stages is not without a 
penalty in terms of overall engine efficiency. The cooling air 
bleed adversely affects the pressure ratio of the compressor, 
and, as a "rule of thumb", a 1% increase in the cooling air mass 
flow results in a 1 % reduction in fuel efficiency.
It is therefore quite clear that the use of engineering 
materials capable of operating at elevated temperatures without 
the need for cooling air flows will result in significant gains 
in overall engine performance. Cycle efficiency studies carried 
out by Rolls - Royce pic on a small demonstrator engine (8 ) 
predict a reduction of the specific fuel consumption of between 
10-20%, and an increase in specific power of between 60-70% by 
reducing the cooling air mass flow and increasing the turbine 
entry temperature. These very real gains and the trend towards 
improved thrust-to-weight ratio and specific fuel consumption 
have driven world-wide research and development into the 
production of ceramic materials capable of surviving the arduous 
environment of the aero gas turbine (9,10,11,12). Leading 
contenders in this field are Silicon Nitride and Silicon Carbide. 
These materials combine high temperature strength, stiffness, 
creep resistance and hardness with low density and thermal 
expansion. Table 1.2.2 (13) shows some comparative properties 
of Silicon Nitrides and Carbides with a typical nickel based 
superalloy, whilst Fig.1.2.1 (14) shows the material's rupture
strengths at a range of temperatures.
Table 1.2.2 (13) Property Comparison of Inco 718. Silicon
Nitride and Silicon Carbide.
Property Nickel
"Superalloy"
Silicon
Nitride
Silicon
Carbide
Youngs Modulus 
E (G Pa)
198 300 400
Density (g/cm^) 9.2 2.8-3.3 3.0-3.2
Thermal Expansion 
Coefficient (mx°C) 13x10“^ 2.0-3.5x10-6 3.0-6.0x10-6
Hardness Kg/mm^ 350-450 1700-2200 1750-3000
Maximum Operating 
Temperature °C 1100 1400 1650
Figure 1.2.1 (14). Comparison of fracture strength at elevated 
temperature for silicon nitride/carbide ceramics and Inco 713 
nickel based superalloy.
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Figure 1.2.2 (4). Future military engine applications of ceramic 
and metal-matrix composite materials.
FUTURE MILITARY ENGINE -  POTENTIAL APPLICATION OF 
CERAMIC AND METAL-MATRIX COMPOSITES
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1.2.2 THE APPLICATION OF SILICON NITRIDE AND CARBIDE CERAMICS 
IN THE AERO GAS TURBINE
Potential component applications for these materials are 
shown in the schematic cross section of a typical aero gas 
turbine; Fig. 1.2,2, (4).
1.2.2.1 COMPRESSOR
As compressor pressure ratios increase and combustion 
temperatures are raised, so the temperature of the radial 
compressor will also increase. Current Titanium alloys are 
limited to 650°C and it is expected that in engines operating 
within the next decade (15) this temperature will be exceeded. 
Silicon Nitride/Carbide materials with potential between 1400 - 
1650°C offer obvious benefits for these applications. 
Furthermore, the lower density of these materials ( 3.2 g/cm
compared with 4.5 g/cm for titanium) offers an overall weight 
saving, thus helping to improve the engines thrust - to - weight 
ratio.
Aero gas turbine compressors are also susceptible to the 
effects of erosion. Airborne contaminants such as dust and grit 
may attain velocities up to 200 m/s as they pass through the 
engine (16). These abrasive particles effectively "sand blast" 
the compressor components and the subsequent loss of geometric 
accuracy may affect the aerodynamic efficiency by up to 50% (17). 
The high modulus and hardness of Silicon Nitride/Carbide Ceramics 
contributes to the significant increase in erosion resistance of 
these materials in comparison to titanium alloys.
1.2.2.2 NOZZLE GUIDE VANES (NGV's)
Metallic nozzle components are currently manufactured in 
nickel based alloys similar to those used for turbine blading, 
and therefore require a cooling air bleed to control the metal 
temperature.
Since nozzle guide vanes are static gas path components 
stresses are limited to those induced by thermal, gas loading and 
contact stresses at the nozzle vane/turbine case attachment 
points.
The main criteria for this component is thermal shock 
resistance and oxidation/corrosion resistance. These properties 
are possessed by both Silicon Nitride and Silicon Carbide 
materials, and direct replacement of a metallic nozzle in ceramic 
would permit a 200 to 400°C increase in component temperature and 
the deletion of cooling air flows to the nozzles. These are 
typically some 2 to 3% of the total engine mass flow per nozzle 
stage.
The reduced probability of failure associated with low 
stressed static components (when compared with turbine blades and 
discs) has resulted in considerable world-wide interest in 
ceramic gas turbine nozzle components. These have been in both 
Silicon Nitride and Carbide for automotive and aerospace 
applications, and at least one successful 500 hour endurance run 
has been reported as a part of a DoE - NASA Programme (18).
1.2.2.3 TURBINE SHROUD RINGS
Turbine shroud rings enclose the tips of the turbine blades 
and are used to control the gas losses over the tip of the blade. 
The shroud ring is a low stressed component, and the low 
coefficient of thermal expansion and high stiffness of both 
Silicon Nitride and Silicon Carbide mean that excellent 
dimensional stability is achievable by the use of these 
materials. During a demonstrator engine run at Rolls Royce Pic 
Leavesden, a 2% improvement in SFC was achieved by improved tip 
clearance control alone (6). Savings of a similar magnitude will 
also be gained by the deletion of cooling air flows.
1.2.2.4 TURBINE BLADES
Rotating turbine blades present one of the greatest 
challenges to the materials scientist and in return offer some 
of the largest benefits in improved cycle performance. Currently 
blades operate in a harsh environment at temperatures approaching 
1100°C (i.e. 80% of the melting temperature). Blade tip speeds
approach 400 m/s and the blade is subject to oxidation.
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corrosion, erosion, thermal cycling, vibration and high stresses. 
Prospective blade materials must be able to withstand high 
mechanical stresses and exhibit excellent creep resistance. Both 
these are inherent properties of Silicon Nitride and Silicon 
Carbide Ceramics. Several monolithic ceramic materials have been 
successfully run as turbine blades in Rolls Royce, Leavesden 
demonstrator engines (19). However, despite the temperature 
advantages offered by these materials, the critical nature of a 
rotative component may dictate the use of reinforced ceramic 
composites in order to achieve the degree of damage tolerance 
required for aero-space applications.
1.2.2.5 OTHER HEAT ENGINE COMPONENT APPLICATIONS
There are a wide range of potential applications for ceramic 
materials in both aero and automotive engines. For example. 
Shell, Ball and Roller bearings would all benefit from the wear 
resistance and dimensional stability of Silicon Nitride and 
Carbide Ceramics. It should also prove possible to run these 
bearings without oil lubrication, thus saving on complex oil feed 
systems, overall engine weight and reducing the fire hazard 
associated with oil systems. The high specific strength of these 
low density materials also makes them attractive as potential 
casing and structural components within the gas turbine engine.
Specific automotive applications include such components as 
valve gear, pistons and cylinder blocks, tappets, turbocharger 
rotors and exhaust systems (20). In these applications the 
insulative and tribological properties of ceramic materials allow 
reduction or deletion of cooling and oil systems. Furthermore, 
the hotter and more efficient combustion achieved results in 
exhaust emissions with considerably reduced levels of noxious 
pollutants. In the light of recent growing awareness of the 
sensitivity of the ecological balance of the environment, this 
benefit must stand alongside the more obvious "technical" 
advantages of these new materials.
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1.2.3 SUMMARY
This section has summarised some of the potential benefits 
to be gained from using Silicon Nitride and Silicon Carbide 
ceramics in heat engines and, more specifically, the aero gas 
turbine. This project is primarily concerned with Silicon 
Nitride materials and the next section deals with the various 
process routes currently used to manufacture this material.
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1.3 THE MANUFACTURE AND PROCESSING OF SILICON NITRIDE
1.3.1 This section reviews the crystal structure and various 
process routes used in the manufacture of the Silicon Nitride 
materials examined during this project. Details of these 
manufacturing processes were obtained during a visit to Turner 
& Newall Technologies Ltd., (then AED) Rugby, March 19th 1987 
(35).
The chemical composition of a material has great bearing 
on the physical properties that the material possesses.
Strong solids are always composed of, or contain, the elements 
beryllium, boron, carbon, nitrogen, oxygen, aluminium and silicon 
(21). This is because of the requirement for a high 
density, three dimensional network of strong, directional bonds. 
Furthermore, short bonds between small atoms result in the 
highest density of bonds per unit volume. Materials composed of 
these lighter elements possess non close packed structures due 
to the directionality of bonding, and therefore, low densities. 
Furthermore, the high elastic modulus and binding energy give 
rise to high melting points and low coefficients of thermal 
expansion. As has been outlined in Sections 1.2.1 and 1.2.2,' 
these material properties are of great benefit in the manufacture 
of heat engine components. Silicon Nitride is one such material.
1.3.2 Silicon Nitride may be crystallised into two polymorphic 
crystal forms, a and (3. Both forms possess hexagonal unit cells 
but the C axis lattice parameter for the a is almost twice that 
of the p, table 1.3.1 (26). The atomic structure is a super 
lattice comprising silicon atoms located at the centre of 
irregular nitrogen tetrahedra, with each nitrogen contributing 
to three such tetrahedra. Fig. 1.3.1 (22). In the p form, the 
SigN^ layers alternate in the sequence AB, thus forming hexagonal 
tunnels along the crystallographic C axis. The structural unit 
of the p is thus SigNg In the a form, the stacking sequence is 
ABCD with layers alternating with inverted layers to produce the 
longer C axis parameter. The hexagonal tunnels are thus absent 
in a the form and the a phase structural unit is Si 2^^ 15.
Table 1.3.1 (26)
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Polymorph Lattice Lattice Structural P
Parameter Parameter Unit g/ cm^
a nm C nm
a 0.775-0.777 0.516-0.569 ^^12^16 3.167
P 0.759-0.761 0.271-0.292 816^8 3.190
The full potential of Silicon Nitride as a high temperature, 
high strength engineering material is only realised if the 
material is in the fully densified state (23). However, the 
strong, interatomic covalent bonding that gives rise to these 
properties also limits the degree of self diffusivity within the 
material. The temperature at which atoms begin to move and solid 
state sintering should occur is thought to be around 2100°C (24), 
but decomposition by the volatilisation of nitrogen occurs at 
1800°C (24). This has led to the development of a range of 
sintering techniques that may be broadly grouped as follows;
1.3.3.1.
1.3.3.2.
1.3.3.3.
1.3.3.4.
Reaction Bonding (RBSN)
Sinter-reaction Bonding (SRBSN)
Sintered Silicon Nitride (SSN)
Hot Isostatic Pressing (HIPSSN, HIPRBSN, 
HIPSRBSN)
14
Figure 1.3.1 (22). The crystal structure of g-SIgN ;^ .^
Silicon
Nitrogen
L8014
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1.3.3.1 REACTION BONDED SILICON NITRIDE (RBSN)
RBSN is the most common form of Silicon Nitride material. 
The production process began with very pure, spray dried silicon 
powder. The mean particle size is 40 pm although sub 5 pm 
powders are used for slip casting. The initial powder size 
affects the finished material's mechanical properties, as well 
as the nitridation reaction. A small particle size results in 
a strong, fine grained material. However, too fine a powder 
makes the product difficult to nitride. The powder sizes 5-40 
pm were chosen since they give the best combination of mechanical 
properties and nitridation rate.
Nitridation is also affected by powder purity. If too pure, 
the nitridation reaction will not occur. Nitridation additives 
comprising 0.1 to 0.3% Fe, 0.2% Ca and 0.5%A1 are mixed with the 
powder prior to the first stage of manufacture. A P.V.A. binder 
is also added at this stage. The initial forming of the material 
is by Cold Isostatic Pressing (CIP) into billets. This is 
carried out by filling a rubber bag with powder. The bags may 
vary from several cm long, to 15cm diameter by 80cm long, 
depending on the billet size required. The bag is placed into 
a pressure vessel and sealed off. Hydraulic fluid is pumped in, 
and pressures as high as 60,000 psi may be used. However, Turner 
& Newall generally use pressures between 15,000 - 25,000 psi and 
a process time of several minutes. At this stage the material 
takes the form of a friable compressed powder, held together by 
the binder. The material is now in the "Green" condition.
The second stage of production is to burn out the binder. 
This is a gentle process and takes place at about 500°C for 
several hours. Injection moulded pieces may contain between 
30-40% binder, and it is almost impossible to remove all of this 
without structural damage to the component. Having removed the 
binder, the billet is much weaker and must undergo a "pre-sinter 
treatment". This takes the form of soaking at 1100°C in Argon. 
No shrinkage occurs at this stage and "Green" condition strength 
is returned.
At this stage the billets are strong enough to be handled
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and stored, or machined to shape prior to nitriding. Machining 
is carried out by diamond grinding using "soft" grinding wheels 
and a dimensional accuracy of ± 25pm is achievable. At this 
stage the process is called Green machining. Components may also 
be "glued" together with a silicon suspension. After nitriding 
this forms a bond almost as strong as the parent material. The 
final stage of production for RBSN is the nitridation reaction. 
This takes place in a nitriding unit comprising two heated tubes 
approximately 300mm diameter. The billets are loaded and sealed 
in the tubes. The tubes are then heated, and, as the temperature 
approaches 1400°C, the nitridation reaction begins. A nitrogen 
flow meter is used to control the process. Nitridation is an 
exothermic reaction, and once this begins, the demand for 
nitrogen is high. This is sensed by the nitrogen flow meter, 
and at a pre-set limit, the heating elements are switched off.
As this reaction nears completion, the N2 demand reduces and
this is again sensed by the flow meter. At this stage the 
heating elements are switched on. The complete process takes 
between 5 - 7  days.
On removal from the Nitriding unit, the RBSN has a white 
powdery surface. This is a vapour deposited layer of a silicon 
nitride. This thin layer may be ground off if required by the 
customer, but this is not usually the case. The finished
material has an open porosity of up to 20%, which is the strength 
controlling feature of the material. However, shrinkage is
minimal (0.1%) and RBSN is widely used to manufacture complex 
shapes where ultimate strength is not the prime consideration.
1.3.3.2 SINTERED REACTION BONDED SILICON NITRIDE (SRBSN)
The initial reaction bonding process for this material is 
exactly the same as that described for RBSN (1.3.3.1), sinter 
additives of Y2O3, AI2O3 and €±^03 are added to the initial powder 
prior to the first C.I.P. These are required for the final 
sintering process.
The RBSN (and homogeneously distributed sinter additives) 
possesses 20% open porosity after nitridation.
Sintering reduces this to microporosity.
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The sintering process is a solution precipitation reaction, 
and takes place in a special sintering furnace. This is a 
cylindrical unit approximately 1.0 - 1.5m ^ and 1.5m deep. This 
furnace is lined circumferentially with graphite heating elements 
that allow operation up to 2000°C. These elements are also 
fitted into the furnace door to ensure an even temperature 
distribution.
The material to be sintered is loaded into the furnace and 
sealed. The temperature is raised to between 1700 - 1800°C after 
nitrogen gas has been admitted. The nitrogen pressure is a few 
psi above atmospheric, and the process takes approximately 
5 hours. The resultant material is very dense, but will have 
undergone approximately 11% shrinkage. To compensate, components 
are machined oversize at the green stage, but usually require 
some finish machining after sintering. This is carried out by 
further diamond grinding.
1.3.3.3 SINTERED SILICON NITRIDE (SSN)
The production of Sintered Silicon Nitride is somewhat 
different to that of RBSN and SRBSN. The starting powder is not 
pure silicon, but silicon nitride powder plus sinter additives. 
This is formed into billets or component shapes by CIP, injection 
moulding or slip casting. Since the starting powder is silicon 
nitride, no nitridation reaction is required. The billets or 
components thus move directly to the sinter furnace. Sintering 
takes place as before, but up to 20% shrinkage may occur. The 
resultant material is very similar to SRBSN, but the process may 
be used to produce components of more complex geometry via the 
injection moulding/slip casting routes. However, capital 
expenditure in terms of moulding machines and tools means that 
SRBSN is used for small production runs since it may be green 
machined to shape without the expense of the moulding equipment. 
SSN is thus reserved for the more complex shapes and higher 
production volumes.
18
1.3.3.4 HOT ISOSTATIC PRESSING (HIP)
HIP'ping consists of the application of a uniform high 
pressure (100-300 MPa) at temperatures in excess of 1700°C to 
produce a near nett shape component of close to theoretical 
density. Despite the problems of encapsulation of starting 
material's other than pre-sintered SSN or SRBSN (29), this process 
is beneficial to the materials final mechanical properties in 
three respects;
1.3.3.4a. The application of an isostatic pressure up to ten 
times higher than that used in hot pressing (25,26) results in 
a material with an isotropic grain structure, i.e. there is no 
preferential grain growth as with Hot Pressing.
1.3.3.4b. The application of both high temperatures and 
pressures allows the densification of materials with low volumes 
of refractory sinter additives (26). It will be shown (1.3.4.1) 
that this has a significant effect on the materials high 
temperature properties.
1.3.3.4c. Close control of the process cycle
(pressure/temperature/time) allows the recrystallisation of 
materials with a range of grain sizes and microstructures. These 
factors have been shown to have a significant effect on both 
mechanical strength and fracture toughness of the material 
(26,27,28,30) .
The hipping operation takes the place of the sintering 
process during the material’s production. The temperatures are 
similar, i.e. 1700 to 1800°C, but the process takes place in a 
pressurised Argon atmosphere at 100 to 300 MPa. Argon is inert 
with respect to the silicon nitride system. The resultant 
material is very dense (<99.9% T.D) and requires the minimum of 
additives (26). The hipping operation is also quite quick, 
taking about one hour. This has great benefits in terms of cost 
since the energy required to HIP for one hour at 1800°C is very 
much lower than that required to sinter (1800°C for 5 hours) or 
Reaction bond (1400°C for 5 to 7 days). However, large scale
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hipping facilities are currently extremely rare. AESA Cerama in 
Sweden have the only plant in Europe large enough to Hip aero 
engine components. This was originally intended for the 
encapsulation of nuclear waste in Alumina. In the U.K., HIP in 
Chesterfield have "mini-Hippers" capable of processing test 
piece size specimens, although at present, the "standard" Rolls 
- Royce pic tensile test piece (110mm long x 18mm diameter) is 
too large for the equipment.
1.3.4 SINTER ADDITIVE CHEMISTRY
1.3.4.1 Whichever method of sintering and densification is used, 
the process requires the addition of liquid sintering catalysts 
to facilitate the mechanism of solution-reprecipitation 
(25,26,27) which subsequently densities the material. Fig.1.3.2 
(31). Metal oxide additives such as MgO, AI2O3 and Y2O3 form 
intergranular liquid phases at the sintering temperature, and 
these second phases provide an easier transport path during 
densification. However, these second phase additions often 
solidify into an amorphous intergranular phase (25,26,27). These 
glassy second phase materials possess inferior high temperature 
properties than the bulk silicon nitride (27,28). At 
temperatures in excess of 1000°C, the second phase may soften or 
undergo excessive oxidation. This facilitates grain boundary 
sliding and properties such as high temperature strength and 
creep resistance are thus limited by the viscosity of the second 
phase, rather than the properties of the silicon nitride itself.
The addition of glass forming sinter additives is thus kept 
to the bare minimum acceptable for satisfactory recrystallisation 
and densification.
However, by careful addition of the correct additives, it 
is possible to produce second phases that may be recrystallised 
by a post sinter heat treatment. Recrystallised second phases 
retain their viscosity at much higher temperatures than glasses, 
and are far more stable under oxidative conditions (25,26,27,30).
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Figure 1.3.2. Densification of Silicon Nitride 
via Liquid Phase Sintering (31).
A. Compact of starting powders ; a SI3 N4  with surface 
SIO2  layer and M2 O3  & SIO2  sintering additives.
¥7 m(TParp
0 <rn)
B. a SigN^ disoiving in M -Si-O -N liquid and B SigN^ 
crystals precipitating and growing from liquid.
C. 3 SigN^ crystals and residual sintering liquid.
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Furthermore, the use of HIP during manufacture means that 
the high temperatures and pressures of the HIP cycle can be used 
to density the material, whilst the second phase additives may 
be used to control the degree of grain growth obtained. It is, 
therefore, possible to "tailor" the composition of the second 
phase in order to optimise the high temperature material 
properties (30).
The first attempt at recrystallising the intergranular phase 
resulted in the production of the Sialon or Syalon family of 
materials (29). These materials derive their name from the 
elemental constituents used in the manufacture, e.g. Silicon, 
ALuminium Oxy Nitride and Silicon Yttrium ALumina Oxy Nitride.
The addition of Alumina (AI2O3) to the system allows the 
formation of a charge balanced ceramic alloy, Sig.^ Al^ Ng_% 
where z may vary between 0 and 4 (22). This alloy exhibits
properties between those of Silicon Nitride and Alumina. The 
most important of these is the formation of a liquid phase in 
conjunction with metal oxides (e.g. Y2O3) at temperatures below 
those possible with pure Si3N4. The resultant second phase may 
be heat treated to produce crystalline Yttrium Aluminium Garnet 
("YAG"). The Syalon materials thus sinter to full density whilst 
possessing a second phase that is stable at elevated temperature.
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1.3.4.2 TURNER & NEWALL - WARWICK UNIVERSITY SINGLE 
METAL OXIDE ADDITIVE SSN (HIP)
In order to optimise the properties of Silicon Nitride 
Ceramic materials suitable for gas turbine applications, Rolls- 
Royce pic sponsored a programme of work aimed at identifying the 
ideal second phase compositions for these materials. The 
resultant second phase was to possess the following properties;
1.3,4.2a Minimum volume and high viscosity in order to
maximise high temperature strength and creep 
resistance.
1.3.4.2b Minimal differential expansion between SigN^ and
second phase to enhance thermal shock resistance.
1.3.4.2c Stability at high temperatures ( 1400-1450°C) in
an oxidising environment and minimal volume 
change on oxidisation.
A comparison of the eutectic temperatures of a range of 
metal oxide/silicate liquid compositions is given in table 1 .3.2 
(31 )
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Table 1.3.2 (31 )
Eutectic Temperatures of metal oxide/silica liquids
System Temperature °C
< 1400
MgO “ Si02 1 540
Nd2Ü3 - Si02 1600
La^Og — Si02 1625
Y2O3 - Si02 1 660
The range of compositions of possible M-Si-0~N phases is 
shown in Fig.1.3.3 (32), where "m " is taken to be Yttria. The 
compatibility triangles indicate regions in which mixed 
crystalline/glassy compositions may form whilst the "tie lines" 
bounding the compatibility triangles are wholly crystalline 
compositions.
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Figure 1.3.3 (32). The 'Y -S i-O -N ' system.
3(SiOJ YgSiOs
(eq% N)
YSiO.N
Si N O
1500 Deg. C
(eq% Y) 4(YN)
L9016
Lange at al (32) identified the specific phase 
relationships within the pseudoternary systems and examined the 
stability of these components to oxidation. It was found that 
materials within the Si^N^ - Si2N20 - Y2Si20? compatibility
triangle (shaded) were extremely stable since both Si02 and Y2 
Si2 O7 can exist in equilibrium with each other. Thus, below 
the eutectic temperature of 1 560°C (Table 1.3.2 (31)) no reaction 
or inter-diffusion occurred and materials within this phase field 
exhibited oxidation kinetics inherent to either Si2 N2O or SigN^.
Figure 1.3.4 shows an enlargement of the Silicon Nitride 
corner of the phase diagram. The UBE SN-ElO powder used by 
Turner & Newall to produce sinter Hip'ped silicon nitride 
contained 1.2% oxygen in the form of an Si02 surface layer on 
each grain (33). Thus, the starting composition is shifted from 
100% Sig N4 to 98.8% + 1.2% oxygen. The metal oxide tie line is
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thus displaced to the left as indicated by Fig. 1.3.4 (32).
Additions of metal oxide Y2O3 thus drive the composition up the 
metal oxide tie line. At 3.5 wt% addition (A) of Yttria the 
composition is just below the Yttrium disilicate tie line, and 
the overall composition of the material is nominally diphasic 
consisting of silicon nitride and yttrium disilicate.
However, post HIP examination of the microstructure of this 
composition revealed that although near theoretical density had 
been achieved (due to the HIP parameters) insufficient liquid 
phase was present to allow sufficiently anisotropic grain growth 
to occur (34). Since the high temperature properties of Silicon 
Nitride materials are strongly dependent on the bimodal grain 
morphology, extra yttria was added in order to increase the
amount of liquid phase present during sintering and hence promote 
grain growth. This composition, 1 Fig 1.3.4, 5% YgOg, is
nominally just past the yttrium disilicate tie line, and into the 
apatite phase field. Whilst satisfactory grain morphology was 
obtained it was thought possible that small amounts of glassy 
nitrogen apatite may also be formed. As has already been
discussed, glasses have a deleterious effect on the high 
temperature properties of Silicon Nitride materials. Thus an 
extra addition of 1% SiOg was made in order to "tailor" the
composition and drive composition 1 across the apatite phase 
field and back over the yttrium disilicate tie line - composition 
2. The effects of these compositional refinements on high 
temperature material properties were subsequently studied in a 
joint Warwick University - Rolls-Royce pic project running 
parallel to the machining studies reported here. Results are to 
be found in References 30, 31, and 103.
1.3.5 COMPOSITIONS STUDIED 1987 TO 1991
Three materials were studied during the course of this work. 
These were;
1.3.5.1 Lucas Cookson Syalon 201 , a pressureless sintered silicon 
nitride (PSSN) as described in section 1.3.4.1. This material 
was used by Rolls-Royce pic as a turbine blade and shroud ring 
material between 1986 and 1991 . Premature component failures 
during the development programme resulted in the initiation of 
studies into the effects of machining damage (section 1 .4) in
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this class of materials.
1.3.5.2 Turner and Newall 5% Y2O3 SSN HIP (section 1.3.4.2). 
This material was seen as the successor to the Syalon range of 
materials, and developed as a part of a joint Rolls-Royce pic - 
Turner & Newall Technologies ltd - Warwick University programme.
1.3.5.3 Turner & Newall 10.2A.2 SRBSN (section 1.3.3.2). 
Manufacturing and process delays during the first half of the 
project resulted in shortages of the sinter HIP'ped material. 
In order to develop techniques such as polishing, sectioning and 
SEM analysis, commercial grade SRBSN was supplied by Turner & 
Newall as a "stop gap" material.
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1.4 DIAMOND MACHINING AND MACHINING DAMAGE IN SILICON NITRIDE
1.4.1 The recent developments in material processing routes 
discussed in section 1.3.4 have lead to the production of more 
refined and reliable ceramic materials than were previously 
available. In order to benefit from the technological advantages 
these compounds offer, these materials must be utilised in 
engineering applications such as heat engine components.
Whilst some components may lend themselves to relatively 
simple manufacturing routes (eg slip cast exhaust liners and 
heatshields) the majority require manufacturing to close 
tolerances in order to fulfil the engineering requirements of the 
component (eg pistons, cylinder liners, camshafts and bearings). 
However, as has been discussed in sectioni.3.3.1, injection 
moulding to near nett shape is not currently practical due to 
problems associated with binder burn out.
Thus, close tolerance components such as the Rolls-Royce pic 
Advanced Mechanical Engineering Demonstrator (AMED) ceramic 
turbine blade, Fig.1.4.1, require finish machining to final size. 
Due to the hardness of Silicon Nitride and Carbide Ceramics, this 
means finish machining by diamond grinding, polishing or lapping. 
Since polishing and lapping are both labour intensive, it is 
essential to optimise the grinding process in order to produce 
fine and accurately finished surfaces.
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Figure 1.4.1. Ceramic Turbine Blade from the 
Advanced Mechanical Engineering Demonstrator.
(Courtesy of Rolls Royce pic Leavesden Hertfordshire.)
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1.4.2. It is now quite clear, however, that diamond grinding 
brittle materials (for example Alumina, Magnesia, Silicon 
Nitride, Silicon Carbide and Tungsten Carbide) causes machining 
damage in the surface, near-surface region. This may be 
sufficient to become the strength limiting factor in the 
material, (36,37,38,39). Furthermore, this damage may be 
directional, (36,37,38), and related to the surface finish or 
depth of cut taken, (35,36,37,38,39,40,41,42).
The damage produced by grinding ceramic materials is related 
to the fracturing process by which the material is removed. 
Machined surfaces may exhibit grain pull out, cracks or flaws, 
and plastic deformation with its attendant high dislocation 
density. Machined surfaces are thus left in a state of residual 
stress, (43,44 and 112).
The magnitude and nature of the damage caused by grinding 
is dependent upon both the machining parameters and the 
microstructural characteristics of the workpiece. Firstly, the 
speeds, feeds, abrasive size, type, density and wheel bond have 
all been shown to play a part in the damage process, 
(36,38,43,44,45,46,47). There is also evidence to suggest that 
certain materials exhibit more severe damage when flood cooled, 
(39,43), and there is some evidence that resin bonded wheels 
generally result in less damage than other types, (44,48).
Secondly, the microstructure of individual ceramic 
materials plays an important part in the control of grinding 
damage. Factors such as grain size, hardness , in-ductility, 
porosity, amorphous second phases and chemical reactivity all 
contribute to the overall machinability of the material (48). 
Since material microstructures are selected in order to satisfy 
the overall material requirements of densification, high 
temperature strength, oxidation, corrosion and creep resistance, 
it is the grinding process that must be optimised in order to 
reduce damage.
1.4.3. Rolls - Royce pic initiated studies into the effects of 
machining damage in Silicon Nitride in 1985-6, (36). Preliminary 
investigations were made into the effects of both machining 
direction and surface finish on the rupture strength and
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reliability of Syalon 201 , a pressureless sintered silicon 
nitride material. The continuation of this work and the 
subsequent application of techniques to a more advanced material 
form the basis of this thesis.
1.4.4 The directionality of any machining damage introduced by 
grinding was of particular interest when the loading condition 
of the ceramic turbine blade root was considered. Figure 1.4.2 
shows a conventional "matchstick" beam specimen in three point 
bending (Chapter 2.1). The tensile face is longitudinally 
machined, and the lay of the grinding is therefore parallel to 
the applied stress.
Figure 1.4.2 Longitudinally machined ceramic test specimen 
in three point bending.
Tensile stress
Grinding
direction
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However, this was not the case with the AMED turbine 
blade root, Fig.1.4.3. Due to the constraints of the grinding 
process, it was only possible to machine the root feature in a 
direction perpendicular to the applied tensile load encountered 
during engine running. In recent years, the Rolls - Royce pic 
Laboratories have tested "matchstick" beam samples machined in 
both the longitudinal and transverse directions. Fig,1.4.4.
Figure 1.4.3 AMED ceramic gas turbine blade.
Cf
Grinding
direction
Figure 1.4.4 Transverse machined ceramic test 
specimen in three point bending.
Tensile stress
Grinding
direction
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These samples were produced in a range of surface finishes 
typical of those required by components such as turbine blades, 
shroud rings, nozzle guide vanes and gas bearing shells. For 
example, the aerofoil section of the turbine blade (Figs 1.4.1, 
1.4.3) is relatively lowly stressed 70 MPa) but operates in 
one of the hottest parts of the engine i.e. the gas stream 
(1200°C+). The requirement here was for a surface finish capable 
of producing the correct boundary layer characteristics for 
efficient aerodynamic flow. Aerothermal performance calculations 
predicted this to be in the order of 0.4pm CLA. Surface finishes 
of this nature were also found to be representative of those 
produced during fairly coarse grinding for bulk material removal 
(Chapter 2, section 2.4.3.5).
However, highly stressed surfaces such as the turbine blade 
dovetail root or gas bearing shell contact surfaces required much 
finer surface finishes in order to minimise contact stresses and 
ensure even load distribution. Typical surface finishes for 
these components were in the range 0.1 to 0.05pm CLA. Test 
specimens representative of these component surface finish 
requirements were thus used as the basis of this study.
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1.5. OBJECTIVES
1.5.1 The current "state of the art" with regard to the uses, 
microstructure, manufacture, machining and processing of high 
integrity Silicon Nitride materials has been outlined in Sections
1.2 to 1.4 of this Report. This project is concerned with the 
evaluation of the effects of diamond grinding on both the Turner 
and Newall and Lucas Cookson Syalon materials. To this end, the 
following objectives were set:
1 .5.1 .1. Determination of the effects of diamond grinding on the 
mechanical properties and reliability of the materials.
1.5.1.2. Investigation of the effects of thermal annealing and 
palliative treatments on machined surfaces and the stability of 
the intergranular phase(s) present.
1.5.1.3. Identification of the nature and depth of the damage 
incurred during grinding and the state of residual stress of 
machined surfaces.
1.5.1.4 The production of nominally "damage free" samples of 
material by optimising the process used to polish the material.
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Chapter 2. EXPERIMENTAL TECHNIQUES AND ANALYTICAL METHODS
2.1 Modulus of Rupture testing
2.2 Weibull Analysis
2.3 Statistical Analysis
2.4 Specimen Machining Procedure
2.5 Specimen Polishing Procedure
2 .6 Microhardness Testing
2.7 Annealing Trials
2.8 Fractographic and SEM Examination
2.9 X-Ray Diffraction Residual Stress Measurements
2.10 Nitrogen Ion Implantation
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2.1 MODULUS OF RUPTURE TEST METHODOLOGY
2.1.1 INTRODUCTION
Due to the brittle nature of engineering ceramics, axial 
tensile testing is expensive both in terms of materials (where 
large volumes are required) and in the time and effort required 
to produce accurate and meaningful results. This is due to the 
dual requirements that (1 ) contact stresses must be minimised at 
the points of specimen location (often requiring close tolerance 
precision gripping arrangements) and (2) the concentricity of the 
load train must be such as to induce bending stresses of less 
than 1% of the applied axial tensile stress in the sample (49). 
Again, this requires close tolerance complex arrangements 
involving universal joints, swash plates and bearings.
In order to circumvent these problems during the 
preliminary screening of engineering ceramic materials, the 
Modulus of Rupture (MOR) or bend test has been widely adopted as 
a quicker, more cost effective means of obtaining material 
property data. This involves bending a "matchstick" type beam 
specimen between rollers or knife edges as shown in figure 
2 . 1 . 1 .
Assuming the test piece dimensions (length, breadth and 
depth) are known, it is possible to calculate the stress at which 
the sample failed using simple "elastic bending theory".
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Figure 2.1.1 Configuration of 3 and 4 point bend test fixtures.
172 174L/2174
W/2W/2
d
3 Point bending 
where;
4 Point bending' 
where;
^3pt = 3WL 2bd^ 'l/4 p t 3WL 4bd 2
L8022
Furthermore, due to the nature of the stress gradient 
induced in the sample, the peak tensile stress occurs at the 
specimen surface. This is of particular interest when testing 
samples for the effects of surface phenomena such as machining 
damage, surface coating, oxidation, corrosion and erosion. The 
bend test procedure is described in Section 2.1.2
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2.1.2 MODULUS OF RUPTURE TEST METHOD
All specimens were tested at room temperature on a 10mm 
span three point bending rig, fig.2.1.2. The rig was supported 
on a platen attached to the driven pullrod of a type 1361 Instron 
Servo screw machine (Fig.2.1.3) and loaded against the pushrod, 
screwed to the fixed head of the machine. The machine was fitted 
with a 1OKN load cell via an "intelligent" controller, and all 
testing was carried out at a loading rate of 15KN/min. This 
loading rate had been selected since it represented the rate of 
load application encountered by the AMED ceramic turbine blade 
(Figs 1.4.1 and 1.4.3) during the start up phase of engine 
running.
Prior to testing, all samples were ultrasonically degreased 
in Genklene and visually inspected at X20 magnification to 
determine the presence of surface breaking flaws or defects. 
Samples found to be satisfactory were then dimensionally checked 
with a micrometer, and serial numbered to aid future 
identification. Samples were then tested in the following 
manner;
The beam test piece was inserted between the separated 
rollers on the bending rig, and carefully aligned to ensure that 
the specimen sat perpendicular to the axis of the rollers. 
Fig.2.1.2.
A pre-load of between 3ON and 40N was then applied by 
placing the machine in "load control". A clear polythene bag was 
then placed around the rig and the pull rod ends. This ensured 
that small particles and debris from the brittle fracture were 
contained and thus available for subsequent examination.
At this point, the specimen was ready for testing and the 
Controller "load input" function was selected. On pressing the 
"start" button, the machine applied the load linearly. The 
selected ramp function rate was variable between lOKN/sec and 
1 X 10"%/sec, and a rate of 15KN/min was selected. The 
intelligent controller continuously logged the applied load (via 
the loadcell) and displayed this on the front panel as a
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Figure 2.1.2. 10mm span 3 point bending rig used for 
modulus of rupture (MOR) fiexurai testing.
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Figure 2.1.3. Instron type 1361 servo-screw tension/compression 
testing machine used for flexure testing.
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percentage of 10KN. At the instant of failure, the breaking load 
was recorded and the machine returned to a pre-selected datum.
Where sufficient samples were available, between 15 and 20 
tests were carried out on any one condition.
2.2 WEIBÜLL MODULUS
Due to the inherent scatter in fracture test data obtained 
from brittle materials, methods of statistical analysis are 
applied to obtain reliable information for design purposes. A 
common way of characterising the strength of brittle materials 
is by the use of the Weibull expression;
Pf = 1-exp{-[ (a-a^j)/Oo]®} 2.1 (50,51)
where; Pf = fracture probability 
a = fracture stress
= threshold stress
Oq = normalising stress
m = Weibull Modulus
\
The threshold stress, a^, is taken to be the lowest value 
of stress for which the failure probability is finite, whilst Oq , 
the normalising stress, has the dimensions of stress but does not 
correspond to any readily determined physical quantity. The 
Weibull modulus, m, is a reciprocal function of the variability 
of failure stresses within the sample set. A high value of m 
thus indicates a small scatter in results and a highly reliable 
material.
This approach was adopted by Stanley et al (52) who 
developed a method capable of comparing results from different
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tests and sample sets. The Weibull equation was modified by the 
addition of a unit volume or unit area term, to account for the 
existence of both surface (area) and bulk (volume) flaws. This 
technique has been used as a basis for strength calculations in 
brittle materials.
However, whilst the Weibull approach has been used by many 
workers, certain assumptions limit the accuracy of the 
predictions when applied to "real" engineering data. The Weibull 
method assumes an extreme value distribution and a single flaw 
population. Figure 2.2.1 shows the actual distribution obtained 
for a set of samples typical of those reported within this 
thesis. The corresponding Weibull plot is shown in Figure 2.2.2. 
It is quite possible that this set of samples possessed at least 
two flaw populations, the first comprising bulk processing flaws, 
whilst the second consisted of flaws generated at or near the 
surface by the diamond grinding process.
Sneddon & Sinclair (53) analysed eighteen sets of ceramic 
fracture data ranging from six to fifty results in each set. 
They tried various forms of analysis and showed that few sets of 
strength and lifetime data fitted any single theoretical 
distribution. Sneddon & Sinclair also commented on the
importance of sample size and this has been reported by other 
workers.
Baratta (54) reported a possible 30% error in the 
calculation of the Weibull slope parameter for a sample size of 
twenty specimens. Based on the work of Mclean & Fisher (reviewed 
in 54), the analysis showed that for an uncertainty of 10% in the 
Weibull slope parameter, a sample size in excess of 120 was 
required.
Whilst the unit strength concept (52) has been used in the 
analysis of fracture data generated within this thesis, the 
results obtained have also been subject to more "conventional" 
means of analysis and both mean and extreme values have been 
reported due to the relatively small sample sizes obtained.
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2.3 STATISTICAL ANALYSIS
2.3.1 Wherever possible statistical analysis was performed on 
both microhardness and fracture results. Standard deviations 
representing ± la have been included on all graphs and tables of 
results.
2.4 TEST SPECIMEN MACHINING PROCEDURE
2.4.1 The majority of the specimens tested during this project 
were machined at P.S.Marsden Ltd., Precision Engineers, 
Nottingham, U.K. Specimens manufactured in Syalon 201 and the 
10.2A.2 SRBSN were machined to the schedule outlined in table
2.4.1 . However, initial trials on the T & N 5% Y2O3 SSN material 
showed it to be more difficult to machine than either of the 
previous materials. The grinding schedule was thus modified, and 
is described in this chapter and summarised in table 2.4.2. The 
machining procedure outlined in this section was described by the 
machine operator during a visit to the manufacturers in January, 
1988. Photographs of the machining process were also taken on 
this occasion. A standard bend test specimen is shown in figure
2.4.1
2.4.2. In order to assess the mechanical properties of specimens 
with nominally "stress free" surfaces, a small number of samples 
were prepared with either diamond polished surfaces, or, 
"nanomachined" test surfaces produced at CUPE. The specimen 
polishing process is outlined in Section 2.5 and the 
nanomachining schedule is described in Section 2.4.4.
2.4,3 SPECIMEN MANUFACTURE AT P.S.MARSDEN LTD.
2.4.3.1 P.S.Marsden utilise two Jones & Shipman Type L540 
horizontal spindle surface grinders for ceramic specimen 
manufacture (Fig.2.4.2). The oldest machine is used for rough 
grinding, whilst the newer one is reserved for finish machining 
and polishing. Spindle speeds on both machines are 3650 rpm. 
Depth of cut is controlled manually via a handwheel (see 
Fig.2.4.2) and the smallest scale division is 1pm (0.00004").
46
This is also the case for the table crossfeed.
Both machines were fitted with Weir type filters and the 
machine used for rough grinding was also fitted with 10pm paper 
filters. All machining was carried out under flood cooled 
conditions, using coolant type CIMCOOL MB 301, a water soluble 
cutting oil.
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$
Figure 2.4.2. Jones & Shipman L540 horizontal spindle surface grinder.
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Wheel dressing was carried out using a conventional 
Silicon Carbide-Vitrified Bond Wheel Crusher. This was mounted 
on the worktable of the machine, and wheels were dressed every 
time they were remounted on the grinding machine. Dressing was 
also carried out periodically during the grinding process, and 
the need for this was determined by the operator dependent on the 
chatter and vibration (noise) from the machine, or the occurrence 
of chatter marks on the workpiece. Dynamic wheel balance was 
achieved via balance weights attached to the grinding wheel 
flanges.
2.4.3.2 GRINDING WHEELS
All the wheels used in the manufacture of the ceramic test 
pieces contained diamond grit in a resin matrix ("resin bonded 
diamond wheels"). The majority of these were supplied by the 
Cape Diamond Company and typical grit sizes are tabulated below. 
Table 2.4.3. Grinding wheels used in the manufacture of ceramic 
beam specimens are shown in Fig.2.4.3.
Table 2.4.3 (55) Diamond Abrasive Grit Sizes
Cape diamond code number BS 410 Equivalent Abrasive size pm
36 36/44 425/35044 44/52 350/30052 52/60 300/25060 60/72 250/21072 72/85 210/180100 85/100 180/150120 100/120 150/125150 120/150 125/100180 150/170 100/90200 170/200 90/80220 200/240 80/65240 240/300 65/50300 300/350 50/44325 60/30350 40/20400 30/15500 25/08600 15/08700 12/06800 08/04
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2.4.3.3 BILLET ROUGHING
The initial cutting operation consisted of the removal of 
the hemispherical end of each of the billets. This is not a 
standard operation, and was carried out to leave sufficient 
material for the microstructural analysis of each billet.
Each billet was then clamped in a vice on the machine 
worktable. A 7" diameter 1 50 Grit Wheel was used to plunge grind 
along the billet to within = 0.001" (25pm) of the required size. 
The plunge ground surface was then surface ground to remove the 
last 0.001" of material. This occasionally caused chipping at 
the edges of the sample. The table speed was 20cms"^, Fig. 
2.4.4.
2.4.3.4 CUT UP OF SQUARED BILLET
To produce 3mm wide test pieces (Fig 2.4.1), 3.5mm wide
slices were taken from the billet. This was carried out using 
an 8" diam. steel backed 150 grit slitting wheel. The diamond 
bond was 1.8mm thick at the cutting edge of the wheel. This may 
have been wasteful of material, but thinner wheels tended to have 
the bond stripped off very quickly. The slitting operation was 
carried out at the fastest table speed (i.e. 20 cms'M and each
section through the billet was made from both sides to minimise 
chipping (Fig, 2.4.5).
54
Figure 2.4.4 Plunge grinding to square up circular billet.
Plunge grind Plunge grind
Process repeated on remaining three sides to square up billet
3
Surface grind last 0.001 inch
Figure 2.4.5 Cut up of squared billet.
2. 3.
F 77777 I
3.5 mm
To avoid the possibility of sample cracking during cutting (1), cuts are taken from both sides of the billet (2&3)
L9019
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2.4,3.5 SPECIMEN "COARSE" MACHINING
The 3. 5mm thick section was clamped in a vice on the 
grinding machine worktable. The "rough" block was surface 
ground to within 0.008 inches (200pm) of size with a 150 grit 
resin bonded diamond wheel. Typical depths of cut were 0.0004 
inches (10pm) and each cut was wound on by hand. Table speed was 
approximately 20cms"^ , This produced a surface finish of 
approximately 0,5pm CLA, and the block may still possess chipped 
edges.
2.4.3.6 SPECIMEN CLEAN UP AND FINE GRINDING
The specimen was machined to about 0.005" (125pm) oversize 
using a 350 Grit Resin Bonded Diamond Wheel. The table speed was 
reduced to 4cms . The last 0.001" was removed in cuts of 
0.0002" (5pm) to ensure no chips on the edges. For samples in 
5% Y2O3 SSN (HIP) material at this stage usually leaves a 0,4pm 
finish. (The operator commented that at this stage a 220 Grit 
Cup Wheel would produce the same finish).
2.4.3.7 FINAL POLISHING
Specimens requiring 0.1pm or 0.05pm finishes were then 
polished. Figure 2.4.6. However, the operator commented that 
some silicon nitrides machine differently. Thus on a material 
such as 10.2A.2 or Syalon 201, polished finishes were achieved 
using peripheral grinding wheels. This was not the case with 
HIP'ped 5% Y2O3 or hot pressed NCI 32. These materials were 
"harder to machine", and the operator changed to a Cup Type 
wheel. It is interesting to note that a coarser grade of cup 
wheel can be used to produce the same finish as a Finer 
Peripheral Wheel.
Eg. CUP PERIPHERAL
200 400 - 350
400 600
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Figure 2.4.6. Fine transverse grinding of 5%Y203 SSN HIP 
samples using a 350 grit Resin Bonded diamond wheel.
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The polishing procedure was similar for both methods, table 
speed set at 4cms“^, a cut of about 0.0002" was wound on, and the 
wheel allowed to pass back and forth over the samples for about 
half an hour. Usually four samples were polished in one 
operation but with materials like NCI 32, it was only possible to 
polish pairs of samples.
2.4.3.8 EDGE CHAMFERING
Edge chamfering was the final machining operation. The 
specimen was placed in a special jig (Fig.2.4.7 ) and "coarse" 
machined using a 150 Grit Cup Wheel (Larger diameter cup wheel, 
Fig.2.4.3). The chamfer edges were finished using a 400 grit cup 
wheel. During this process all specimens were machined 
longitudinally.
Figure 2.4.7
Specimen edge chamfering jig
Specimen
Cham. 45 Deg. X 0.25mm
Clamping arrangement
Grinding machine magnetic work table L 9 0 2 0
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2.4.4 CUPE "NANOMACHINED" TEST PIECES
2.4.4.1 It has been shown by several workers (41,56,57) that 
brittle materials may be machined in a ductile rather than 
brittle manner provided the depths of cut taken are of sub-micron 
magnitude. This ductile or "nanomachining" process has been used 
to produce ultra precision machined components for such 
applications as magnetic and optical disc storage systems, and 
close tolerance aspheric lenses.
In order to assess the effect of nanomachining on the Turner 
& Newall material, a sample was sent to the Cranfield Unit of 
Precision Engineering for nano-machining to 0,06pm CLA. This 
sample was then subject to XRD residual stress measurements at 
the CEGB Laboratories at Gravesend. The specimen machining 
procedure is shown in table 2.4.4, and the seven axis CNC ultra 
precision machine is described briefly in section 2 .4.4.2 .
2.4.4.2 SEVEN AXIS CNC ULTRA PRECISION GRINDING MACHINE
In order to achieve consistent, defect free, low damage 
surfaces, a high stiffness vibration free grinding machine is 
required. The Cranfield machine. Fig.2.4.8, is thus built on a 
massive bed of synthetic granite (Granitan), supported on three 
point pneumatic anti-vibration mounts. The machine frame is 
manufactured from cast iron, and is fully supported on semi- 
kinematic needle roller bearings. The frame is servo controlled 
and may be positioned to an accuracy and repeatability of ± 
0 .1 p m .
Cup grinding wheels are utilised throughout, and force fed 
with coolant via a hollow central spindle. The cutting fluid is 
distributed by centrifugal force to the grinding zone, and flow 
rates are in the order of 6 litres per minute. The coolant is 
filtered to better than 3pm, and cooled to ± 0.1°C prior to
re-circulation.
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SPECIAL PURPOSE 7 A X IS  
C NC  GRINDING MACHINE
C J l
Rgure 2.4.8. Special purpose 7 axis precision grinding 
centre developed at the Cranfield Unit of Precision 
Engineering (C.U.P.E.).
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The Cranfield/SERC ultra-precision grinding machine thus 
represents the "state of the art" in machine tool technology. 
The samples produced on this machine were seen as being possibly 
the most damage free and accurate surfaces that could be 
generated on existing equipment other than by time consuming and 
costly lapping processes.
2.5 SPECIMEN POLISHING PROCEDURE
2.5.1 Specimens were polished for both microstructural/ 
microhardness examination and in order to produce nominally 
damage free surfaces for modulus of rupture testing. All 
polishing was carried out on a Struers "Abramin" semi-automatic 
polishing machine, Fig.2.5.1 . This machine allows control of the 
polishing load, speed, duration and abrasive and lubricant doses. 
Pre-programmable memories may be used to store the required 
polishing parameters allowing transfer to successive polishing 
stages with minimal effort.
2.5.2 Typical specimens polished were billet cross sections, 
modulus of rupture test pieces and flat plates or tiles to 
produce surfaces for MOR bend testing and X-Ray diffraction 
residual stress studies. Samples were mounted in standard 40mm 
diameter bakelite mounts, or, stuck onto flat plates using 
"lakeside" mounting wax compound. The Abramin polishing machine 
has a work piece holder that will accept six bakelite "micro's" 
or one 160mm diameter flat plate. The polishing of a range of 
sample shapes and sizes is thus possible.
2.5.3 The polishing stages used for sample preparation were 
refined by trial and error during the course of the project. An 
increase in the polishing load resulted in greater material 
removal but also an increase in the pluckout apparent on the 
polished surface. Polishing loads were therefore kept low once 
sufficient material had been removed. Pluckout remaining after 
the 1200 grit silicon carbide or 20pm petrodisc stage, was best 
removed by an increase in the duration of the 6pm polishing
62
#
Rgure 2.5.1. Struers Abramin semi automatic poiishing machine.
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stage. The polishing procedure developed for the T & N 5% Y2O3 
SSN HIP'ped material is shown in Table 2.5.1. Originally this 
comprised only silicon carbide wet and dry papers and diamond 
polishing cloths. However, the introduction of 120, 20 and 6pm 
petrodiscs greatly reduced the process time. This modified 
schedule is shown in Table 2.5.2
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2.6 HARDNESS TESTING
2.6.1 Hardness testing was carried out on all of the materials 
tested during the course of this work. In general, 
Macrohardness testing at loads of 5 and 10 kg was performed in 
order to produce cracked samples for fracture toughness 
measurements (Kjq, Chapter 3), whilst microhardness testing at 
low loads was used to determine the effects of surface 
treatments and examine the indentation size effect (ISE).
2.6.2 Macrohardness testing was carried out on a Vickers 
Type 2000R hardness testing machine. Serial No. HTM 0390/88R. 
Indenter dwell time was 20 seconds using loads of 5 and 10 kg.
2.6.3 Microhardness testing was performed on a Mo-Tukon 
microhardness testing machine Serial No. H26366. Indenter dwell 
time was 30 seconds and loads ranged from 25 grammes to 3 kg.
2.6.4 Wherever possible a minimum of five indentations were 
made at each load.
2.7 ANNEALING TRIALS
2.7.1 Annealing trials were carried out in a platinum wound 
resistance furnace. The platinum winding surrounded on Alumina 
tube (60mm diameter x 350mm long) into which the samples were 
placed. In order to prevent contamination of the silicon nitride 
samples by the alumina furnace lining, the samples were first 
placed on a low glass fraction silicon carbide plate. The 
rectangular plate sat across the diameter of the tube, and thus 
prevented any physical contact between the alumina and the 
silicon nitride. The open ends of the furnace were then sealed 
with "Kaowool", a commercially available alumino-silicate based 
refractory fibre.
66
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2.7.2 Furnace control was achieved by the use of a Eurotherm 
type 020 proportional controller, whilst temperature monitoring 
was performed by three type 'R' platinum-platinum + 1 3 %  rhodium 
thermocouples. A temperature stability of ± 5°C was achieved. 
The complete arrangement is shown in figure 2.7.1.
2.7.3 Samples selected for annealing were ultrasonically 
degreased in Genklene and then washed in Acetone before thermal 
soaking. This was to ensure that no surface contamination 
remained prior to testing. Samples were then soaked in air, at 
1400°C (± 5°C), for periods of 6, 12, 24, 50, 75 or 100 hours.
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2.8 FRACTOGRAPHY AND ELECTRON MICROSCOPY
2.8.1 FRACTOGRAPHY
After modulus of rupture testing all samples were subject 
to optical microscopy at X20 magnification in order to determine 
the location of the failure nucleus. In general, this was 
located at the machined surface of interest, but on occasions 
failure would occur from the specimen chamfer edges or a process 
defect or inclusion located within the bulk of the sample. 
Fractures showing interesting features were selected for 
examination in the scanning electron microscope. (SEM).
2.8.2 ELECTRON MICROSCOPY
Prior to SEM examination all samples of silicon nitride were 
sputter coated in either carbon or gold in order to render them 
conductive. Carbon was the preferred species, since this element 
does not mask any of the elements contained within silicon 
nitride during microprobe analysis.
All fractography was carried out on a Cambridge Stereoscan 
90B scanning electron microscope. This instrument was fitted 
with a LINK AN 10,000 electron dispersive spectrometer (allowing 
elemental compositional analysis) and a K.E. Developments back 
scattered electron detector, facilitating optical interpretation 
of atomic number contrast within the sample.
2.9 X-RAY DIFFRACTION RESIDUAL STRESS MEASUREMENTS
2.9.1 Residual stress measurements were performed on a sub­
contract basis by Doctor P.E.J. Flewitt at the Nuclear Electric 
Laboratories, Gravesend, Kent (formerly CEGB Central Research 
Laboratory). The technique was reviewed by Dr. Flewitt during 
the first year of work and details are to be found in the first
69
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year report (58), Chapter 3 "X-Ray Diffraction and Residual 
Stresses in Materials and Preliminary Evaluation for HiP Silicon 
Nitride (5% Y2O3)".
2.9.2 Measurements were made using the portable diffractometer. 
Fig. 2.9.1. The X-Ray source produced chrome Ka radiation at
30kV, with a beam current of 30 mA. The sampled area was
typically 3mm in diameter and the sampled depth between 10 -
12pm. The results obtained were thus an average measurement over
the sample depth. Shallower measurements would be possible using 
softer radiation (e.g. Vanadium), however, problems associated 
with the manufacture of such sources have so far prevented their 
use.
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2.10 NITROGEN ION IMPLANTATION
2.10.1 The ion implantation of the Syalon 201 test pieces was
carried out on a commercial basis by Tecvac Ltd., at Cambridge,
using a Tecvac type 221 ion implanter (Fig. 2.10.1).
2.10.2 Briefly, the system consisted of a 500mm cube stainless- 
steel work chamber (1) Fig. 2.10.2, which was evacuated by a 
diffusion pump (not shown) . The ion source was fitted to the top 
of the chamber. This consisted of a graphite outer tube, (2), 
which had closed ends and was mounted on an insulator. The tube 
was held at +90kV relative to earth. Two parallel tungsten 
electrodes ran along the centre of the tube (3) and these were 
held at 8 .3kV relative to the graphite tube, i.e. 98.3 - 100 kV.
Nitrogen gas was passed along the graphite tube and
ionised between the graphite electrodes (4). The plasma was
accelerated through a longitudinal slit along the bottom of the 
graphite tube, and then accelerated further through a wider slit 
in an earthed outer electrode (5) . The emergent beam expanded 
as a curtain of 12° included angle, and delivered approximately 
20pm amps per cm^. The ions then passed through the vacuum work 
chamber to impact with the test specimen or workpiece (6). This 
resulted in a surface energy input of 1.8 watts per square cm, 
at an ion dosage of 12 x 10^^  ions/cm^/sec.
2.10.3 The implanted ions lose Kinetic energy via atomic 
collisions within the lattice of the substrate materials (59, 
88). Each implanted ion contributes to many collisions and may 
come to rest by displacing an atom from the existing lattice, or, 
by lodging interstitially. The resultant distribution of the 
implanted ions is nominally Gaussian (59, 60, 61 ) as shown in
Fig.2.10.3 (61), whilst the level of implantation induced damage 
is concentrated slightly closer to the surface. The peak of the 
range distribution is typically 0,1 to 0,5pm below the surface 
(59, 61), and depends on the accelerating potential (90KeV in
this case) and the choice of implanted ion and substrate (60, 
61 ) .
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It is this continuously graded profile that is responsible for 
the improved properties obtained from ion implanted surfaces when 
compared with surfaces subjected to conventional surface 
treatments exhibiting a discernable interface (61).
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3.1 BRITTLE FRACTURE
Two modes of failure dominate the fracture behaviour of 
silicon nitride. At elevated temperatures, time dependent stress 
corrosion and diffusional mechanisms are characteristic of this 
material. However, at temperatures below 1000°C, the 
characteristic "brittle" mode of failure predominates.
3.1.1 Attempts to quantify the disparity between theoretical 
and observed rupture strengths in brittle materials were first 
proposed by Inglis (62) in 1913, and Griffith (63) in 1920. 
Calculations based on bond rupture strengths often fell short of 
the experimental data by factors of 10^ or 10^. Both workers 
determined that this was due to the existence of microscopic 
flaws and defects. Whilst Inglis treated these as stress 
concentrations, effectively magnifying the applied stress around 
the defect, Griffiths' approach considered the mechanical energy 
of crack stability. He treated the process of crack propagation 
as a reversible thermodynamic process, and equated the energy 
lost during crack propagation with the energy contained in the 
new surfaces created. The "classical" Griffith fracture 
expression is thus;
Of V 2E% 
TlC
3.1 (63)
where; E Youngs Modulus
Y Surface Energy
Crack length
Of Fracture strength
Irwin (64) suggested that the Griffith approach would be 
more applicable if the surface energy term was modified to 
account for localised plasticity at the crack tip. He introduced 
a new parameter, G, the strain energy release rate and proposed 
that cracks would only propagate when the stored energy release
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rate exceeded the energy required to form two new surfaces, i.e. 
when G > 2y.
Irwins analysis also introduced the term K, the stress 
intensity factor. This term accounted for the amplitude of the 
stress at the crack tip and was dependent on both the mode of 
loading and crack geometry.
Irwins fracture mechanics approach is related to the 
classical Griffith theory by defining the stress intensity factor 
in Mode 1 loading as;
Kj- = Ya VC = VZEy 3.2 (64)
where; Y = dimensionless constant
At the onset of fracture both G and K attain critical 
values, and assuming only short range plasticity at the crack 
tip, these may be taken as material properties. The critical 
strain energy release rate (Gjq) may be related to the critical 
stress intensity factor (Kj^) by the relation;
Gjc = (1 - Kjç? 3.3 (64)
E
Both G and K are measures of the material's resistance to 
crack propagation, termed fracture toughness. The fracture 
mechanics approach (Kjq) has gained acceptance in engineering 
applications where terms may be added, and stresses calculated 
for design purposes.
3.2 INDENTATION FRACTURE
Indentation fracture techniques have been used as a means 
of studying both surface damage and fracture toughness. Since 
both fall within the realms of this project, a review of the 
basic principles is presented here.
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3.2.1 FARFIELD STRESSES
The first analysis of the stress field within a body 
subject to a point load was performed by Boussinesq (65) in 1895. 
His equation took the simple form;
oij = P/itR^ [Fij($)ly 3.4 (65)
The magnitude of the stress is thus dependant on the contact 
load P, and varies with the inverse square of the radial distance 
R from the contact site (Fig. 3.2.1). The equation also 
encompasses an independent angular term, [Fij(cj))]y, itself 
dependant on the Poissons ratio of the material under test. Thus 
for brittle materials (u - 0 .2), a significant tensile component 
exists and this may be capable of sustaining brittle fracture.
However, this term reduces as the material becomes more ductile 
and disappears entirely at u = 0.5.
Whilst the Boussinesq solution represents the stress field 
away from the point of contact (i.e. large R, "farfield 
stresses"), a singularity exists at the point of contact, R = O, 
based on the assumption of zero contact area. In practice, this 
is accounted for by excluding a small, non linear contact zone, 
R = a, analogous to indenter blunting. It should also be noted 
that the Boussinesq solution is valid only during loading, and 
that the unloaded case requires a separate solution. This is 
of importance in systems where relaxation of the elastically 
deformed material around the indentation gives rise to residual 
stresses sufficient to cause crack propagation.
Assuming the material under examination is sufficiently 
brittle to permit crack propagation into the zone of far field 
stresses, the Boussinesq solution may be used to analyse the 
stress fields adjacent to the crack. However, whilst propagation 
may occur within a region that is well understood, crack 
nucléation occurs around or beneath the indentation site (i.e. 
R = a, nearfield stresses) and a separate analysis is required.
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Figure 3.2.1. Principal normal stress contours in the 
Boussinesq stress field. Figure depicts the plane 
containing the load axis. Unit of stress is pg , the 
mean contact pressure. Poissons ratio v = 0.25 (74).
80
3.2.2 NEARFIELD STRESSES
It has been shown (66) that indenters with large included 
angles produce plastically deformed zones exhibiting 
hemispherical symmetry and minimum "pile up" of material around 
the indentation. This deformation response, referred to as 
radial compression, was analysed by Hill (67) whose model was 
based on the elastic/plastic deformation expected around a cavity 
subject to internal pressure. The "expanding cavity" model has 
been subsequently used as a basis for indentation studies by many 
workers.
Marsh (68) utilised the expanding cavity model in his 
analysis of plastic flow in glasses. He attempted to find an 
energetically more favourable mode of deformation than that 
proposed by rigid die theory, and developed an empirical 
relationship between hardness and yield stress;
P/Y = C + KBlnZ 3.5 (68)
where; P = Indentation pressure
Y = Yield Stress
C & K are Constants 
B & Z are dependent on material properties (E, u, Y)
He then constructed a plot of p/y u s  BlnZ composed of two 
intersecting lines, one representing the rigid die solution (P/y 
= 3) and the other the expanding cavity solution (P/Y = C+KBlnZ).
A transition from radial flow to rigid die behaviour occurred 
as BlnZ increased, and the correlation with experimental data 
from a wide range of materials was very good indeed.
Whilst Marsh then proceeded to correlate the flow stress 
with the theoretical cohesive strength and fracture velocity of 
glass, his diamond indentation studies were primarily concerned 
with the determination of flow stress and no further mention of 
fracture behaviour or nucléation was made.
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Hirst and Howes (69) utilised an expanding cylindrical 
cavity in their analysis of indentation by wedges. They varied 
wedge angles, examined the effects of friction and concluded that 
four types of deformation were possible when real materials were 
indented with hard wedges. In all cases, the mode of deformation 
was dependent on indenter angle (vp) and the ratio of Youngs 
Modulus to yield stress (E/Y).
Perrott (70) however, objected to the use of the expanding 
cavity model due to the assumption of uniform contact pressure 
across the indenter face. This was shown (69) to be true only 
when the indenter angle was acute and the ratio of E/Y high. 
Furthermore, the expanding cavity model neglected the presence 
of a free surface.
Perrott’s model, based on an axially symmetric obtuse 
indenter and a body exhibiting some plasticity, was developed as 
a means of explaining the nucléation of Palmqvist cracks in 
cemented carbides. The model utilised the elastic solutions for 
point contact (Boussinesq 3.2.1) with the regions of high radial 
tensile stress in the surface accounting for the nucléation of 
Palmqvist cracking. Nucléation was predicted for both loading 
and unloading cases and was dependent on the indenter angle and 
material properties such as hardness, yield, stress and rupture 
strengths.
A further extension of the expanding cavity model was made 
by Puttick et al (71) during examination of the fracture 
morphology of ball indented polymethylmethacrylate (PMMA). This 
model took account of strain rate effects and catered for the 
existence of the unrestrained free surface by utilising the 
solution for the expansion of a circular hole in an infinite 
elastic plate. This introduced additional annular surface 
stresses whilst the stresses within the body of the material were 
determined by the expanding cavity analysis. The tensile stress 
fields predicted by this model were found to agree well with the 
orientation and geometry of the cracks initiated by ball 
indentations in PMMA.
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A comprehensive review of elastic/plastic indentation was 
presented by Chiang, Marshall and Evans (72),
Their model was based on the invariance of indentation pressure 
with indenter shape over a wide range of geometries. They 
proposed that the plastic zone volume, V, could be completely 
defined in terms of P, the indentation pressure and the 
indentation volume a v . This lead to a plastic zone size 
parameter, p, where;
b / a (v/Av)T/3 3.6 (72)
where; a
b
hemispherical indentation radius 
hemispherical plastic zone radius
Figure 3.2.2 Hem ispherical Indentation Model. 
(After Chiang et a!)
Plastic zone
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The expanding cavity solution was modified by eliminating 
the tangential stress field through the cavity centre by adopting 
the elastic point force solutions provided by Mindlin. The 
solutions to the resultant stress fields indicated significant 
tensile stresses existed in each of the orientations observed to 
produce cracks (i.e. radial, median and lateral. Section 3.3.1). 
Furthermore, the analysis predicted that for indenters with large 
included angle (ij;), lateral and radial cracking would be 
suppressed during loading and occur primarily during load 
removal. Whilst observation of the crack nucléation behaviour 
is possible in transparent materials (e.g. PMMA and glasses), 
the opacity of silicon nitride precludes such observations. 
Although no evidence of the order of crack nucléation was 
obtained, the results presented within this thesis do indicate 
that silicon nitride exhibits a radial-median-lateral crack 
system after diamond indentation, (Chapters 5 & 6).
The difference of opinion as to the precise location of 
crack nucléation may be due to the range of materials studied by 
various workers. The analysis proposed by Perrott for example, 
was developed as a means of explaining the existence of surface 
radial or "palmqvist" cracks in cemented carbides and high alloy 
white irons. These materials are less brittle than the soda lime 
glass used as a model by Lawn & Marshall (73). Their study 
indicated that sub-surface median cracking was the first to 
occur. It is thus possible that the crack initiation event is 
dependent on specific material parameters, and, that in general, 
"hard" materials exhibit sub-surface nucléation whilst "softer" 
materials undergo surface nucléation.
Despite these differences, the analysis of Chiang et al 
showed that regardless of the crack system;
1. Peak tensile stresses occurred at the elastic/plastic 
boundary
2. A rapid transition to compressive stress occurred within 
the plastic zone resulting in the termination of crack 
extension
3. A monotonie decrease in tension occurred at progressive 
distances into the elastic zone
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3.3 CRACK PROPAGATION
3.3.1 Once a microcrack has been initiated, its behaviour 
in the far (or Boussinesq) stress field is better understood than 
its behaviour during initiation. The crack will propagate in a 
manner such that it follows the contours of the smaller principal 
normal stresses, thus remaining orthogonal to the major tensile 
component. In the case of a median vent crack forming below the 
indentation contact zone, propagation will occur along the axial 
033 component (Fig. 3.2.1), i.e. downwards into the material. 
The crack will also tend to expand sideways in a plane 9 = 
constant along the 1 trajectory, but will be constrained by the 
presence of the compressive stress field at (j) > 51.8°
(Fig.3.2.1 ).
Since fracture mechanics solutions exist for this type of 
geometry (so called penny or half penny cracks), propagation and 
measurement of these cracks has been used as a basis for 
calculating the materials fracture toughness (Section 3.3.2). 
The Lawn & Swain (74) model for the initiation and propagation 
of these cracks is thus reviewed here. Figures 3.3.1 a to f.
Figure 3.3.1 (74). Lawn & Swain model of crack propagation.
Loading
(a)
(d)
— J+r
— ^^—
(b)
Medium vent
Unloading
(c)
(e)
Lateral vent
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a) Initial loading causes the formation of an
irreversibly deformed zone beneath the point of 
contact.
b) At a certain load, crack formation occurs at the point 
of greatest stress concentration. This is the median 
vent crack.
c) Increasing load causes stable crack propagation.
d) Initial unloading causes the median vent to close but 
not heal.
e) Relaxation of the material within the contact zone
imposes intense residual tensile stresses on the 
applied field. Lateral vent cracks, extending
sideways, appear.
f) At the occurrence of complete unloading, the lateral 
vent cracks continue to propagate and may extend to the 
surface and cause chipping.
This model represents the generalised behaviour of a 
brittle material during loading and unloading. However, this 
idealised behaviour will be complicated by the existence of other 
residual stress fields, process defects and surface flaws, in the 
same manner as the crack initiation event.
3.3.2 INDENTATION FRACTURE TOUGHNESS
Lawn, Evans and Marshall (73) derived an analytical 
expression for the fracture toughness of a brittle material based 
on the radial/median crack system. The analysis was based on the 
assumptions that (i) the indentation field satisfied the 
requirements of geometrical similitude and (ii) the fully 
developed crack system satisfied the relation ~ constant.
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Lawn et al proposed that the net stress intensity factor for 
equilibrium crack growth took the form;
K = Ke + Kr = 3.7 (73)
where Kg is the reversible elastic component (driving the median 
vent crack) and is the irreversible residual component
(driving the radial and lateral systems). The elastic component 
(Kg) was analysed using the Boussinesq result for an elastic 
stress field, whilst the residual term (K^) was derived from the 
expanding cavity solution. The residual term then became;
Kj, = 3.8 (73)
where was a function of the indentation geometry and material 
properties E and H, Figure 3.3.2.
Figure 3.3.2 (73) Median-Radial crack system geometry & dimensions.
Xj,= f ((j)) (a/b) (E/H)Cot^
Where- detailed analysis of 
the analogous expanding 
cavity solution yielded;
Xr=§r(E/H)*(Cot*)2/3
\ f\l
yI
a ( r , 0 )
Where is a dimensionless 
term independent of the 
material-indenter system.
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Upon removal of the load, Kg = O and the fracture toughness 
is given by;
Kg = §r ( E / H )2 P / C ^/2 3 .9 (73)
Anstis et al (75) subsequently tested a range of ceramic 
materials, including silicon nitride, in order to quantify and 
obtained an average value of 0.016 ± 0.004. Furthermore, Anstis 
et al identified two effects of the indenter load which placed 
a limitation on the range of loads possible for accurate 
determination of These were (i) the load should be
sufficiently high to cause crack propagation into the elastic 
field, i.e. C > 2a. and (ii) the load should be below the 
threshold for chipping or spalling of the surface. Thus, for 
well developed crack systems, the fracture toughness may be 
determined from the equation;
Kjc = 0 .016(±0 .004) ( E / H )2 P/C^/^ 3.10
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Chapter 4.0 RESULTS
4.1 MODULUS OF RUPTURE TEST RESULTS
4.2 MICROHARDNESS TESTING AND FRACTURE 
MECHANICS DETERMINATIONS
89
Chapter 4.0 RESULTS
This chapter contains the Modulus of Rupture (MOR) results 
and the results obtained during microhardness surveys of Syalon 
201 PSSN, T & N 10.2A.2 SRBSN and T & N 5% YgOg SSN HIP.
These are presented as "summary" graphs of the tabulated 
results as shown in Section 2.2
4.1 MODULUS OF RUPTURE RESULTS
4.1.1 Graphs 4.1 and 4.2 show the variation of both nominal 
and unit area rupture strengths with specimen surface finish. 
Syalon 201 samples were machined in both the longitudinal and 
transverse direction, as shown in Figures 1.4.2 & 1.4.4, Section 
1.4.
4.1.2. Graph 4.3 shows the response of Syalon 201 to thermal 
annealing in air at 1000°C and 1400°C. Samples machined to 0,l^m 
CLA longitudinal.
4.1.3 Graphs 4.4 and 4.5 show the nominal and unit area
failure strengths of Syalon 201 after 90 keV Nitrogen Ion 
implantation. Samples ground to 0,1pm CLA transverse.
4.1.4 Graphs 4.6 and 4.7 show the nominal and unit area
strengths of the first batch of T & N 10.2A.2 SRBSN. Samples
were tested in the "as received" and annealed conditions. 
Samples ground to 0,1 and 0,05pm CLA both longitudinal and 
transverse, and annealed for 24 hours at 900°C and 1000°C.
4.1.5 Graphs 4.8 and 4.9 show the repeat trials on the
effects of surface finish on the rupture strength of T & N 
10.2A.2 SRBSN. Samples were machined from the second batch of 
material both longitudinal and transverse to surface finishes of 
0,4 - 0,1 - O,05pm CLA.
4.1.6 Graphs 4.10, a, b, c and d show the effect of thermal 
annealing on the number of surface originating failures for the 
first batch of 10.2A.2 SRBSN material. These are shown as a 
percentage of the total number of fractures. In each case this 
was typically between 1 6 - 2 0  results.
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4.1.7 Graph 4.11 shows the total percentage of surface 
nucleating failures for each of the machining conditions of the 
second batch of 10.2A.2 SRBSN material. All samples were tested 
in the "as received" condition and no annealing trials were 
performed.
4.1.8 Graphs 4.12 and 4.13 shows the effect of specimen
surface finish on the nominal and unit area rupture properties 
of the T & N 5% Y2^3 ^^N HIP material. Samples were machined to 
finishes of 0,05, 0,15 and 0,4pm CLA in both the longitudinal and 
transverse directions.
4.1.9 Graphs 4.14 and 4.15 show the effects of thermal
annealing (in air) on the rupture properties of the T & N 5% Y2O3 
SSN HIP'ped material machined to a 0,4pm CLA transverse finish.
4.1.10 Graph 4.16 shows the effect of thermal annealing on the
number of surface nucleating failures for the 5% Y2O3 SSN HIP
material.
4.2 MICROHARDNESS TESTING AND FRACTURE MECHANICS 
DETERMINATIONS
4.2.1 Graph 4.17 shows the effect of 90 KeV Nitrogen Ion 
implantation on the 1Og Knoop hardness of the implanted Syalon 
201 surface. Results are included in Appendix 1.
4.2.2 Graph 4.18 shows the Indenter load - hardness response 
(indentation size effect) of both the 10.2A.2 and 5% Y2O3 SSN 
materials. Results are included in Appendix 1.
4.2.3 Graph 4.19 shows the Vickers hardness against indenter 
load for the 5% Y2O3 sinter HIP'ped material. Results are 
included in Appendix 1.
4.2.4 Graph 4.20 shows P/Co^^^ plotted against indenter load.
4.2.5 Graph 4.21 shows the material's fracture toughness, 
plotted against indenter load.
91
Fracture Strength Testing on Svalon 201 PSSN
This section summarises the Modulus of Rupture testing 
performed on Syalon 201 PSSN in both the as ground condition and 
when subject to thermal and Ion beam treatments.
4.1.1 Graphs 4.1 and 4.2 show the nominal and unit area based 
rupture strengths related to the specimen surface finish. In 
general the MOR values increased and the directional anisotropy 
decreased as the surface finish improved. This was assumed to 
be due to a reduction in the severity of the grinding induced 
defects remaining in the fine ground samples (discussed in 
Chapter 6.1). The scatter in the results obtained did not follow 
this trend, and increased as the surface finish improved. Whilst 
this appeared contrary to a model of reduced levels of damage in 
the fine ground samples, the scatter in the results would depend 
on the uniformity of the distribution of defects within the 
sample. It would appear that the coarse ground samples possessed 
a large number of grinding induced defects of similar nature, and 
that the grinding damage was therefore the strength limiting 
feature within these samples.
The fine ground samples possessed a much lower level of residual 
grinding damage, as indicated by the reduced anisotropy between 
the longitudinal and transverse ground specimens. Fracture would 
thus be dominated by the level of process flaws and defects 
inherent to the bulk microstructure. Examination of fracture 
surfaces from samples exhibiting high fracture stresses often 
indicated that crack nucléation occurred within 5 - 1 0  pim of the 
machined surface, but no other microstructural defects could be 
found. Samples failing at lower stresses often contained voids 
or inclusions at the fracture nucleus. Typical defects observed 
have been catalogued in Chapter 5 (Figure 5.1.1 - 5.2.4) and are 
discussed in Chapter 6.4. The variability in fracture strengths 
attributable to microstructural defects would therefore suggest 
that the material process route was far from optimised.
92
S■-ECDOio
2
â
ir
CD
COj=(0"c
LL
CDO
€
w
g
g
I
CDJZ.I-I
I(3
2
XJO) O)
X )
O)
z
%CLT—OCM
C01
o
o
ë
rs §§ s § s so coII
3III
lîî
Ui0)
93
Q>Q
2BQ3CC(DSI■+-JEO
SZ(gËc
8
€3CO
CCD
zCOCOCL
8
Co
>COÜCDQCO
O
s
CDx:h-
9
Q2
o
•O TJO) O)
COd_j
a
-So
oi 88 § §§ 8 CO
gIII
lii f
Î I
94
Thermal Annealing Trials on Svalon 201 PSSN
4.1.2 The effects of thermal annealing on the rupture properties 
of Syalon 201 PSSN are presented in Graph 4.3. Samples ground 
to a 0.1 pm CLA longitudinal finish were annealed at 1000° C and 
1400° C for 24 hours. The 1 000° C heat treatment had little 
effect on the fracture strength of the material but the 1400° C 
treatment caused significant degradation in the materials 
fracture strength.
Microscopic examination of the oxidised surfaces indicated that 
the material was particularly oxidation resistant at 1000° C. 
Little or no oxide product was observed on the samples examined 
and it was assumed that surface crack healing would not have 
occurred.
The samples treated at 1400° C exhibited many areas where glassy 
oxide products penetrated up to 85 pm into the surface (Figure
5.1.11 and 5.3.1). These large defects acted as fracture nuclei, 
thus reducing the strength of the material. Subsequent 
examination (36) revealed that the intergranular Y AG phase 
suffered oxidative degradation at 1327° C, thus rendering the 
material unsuitable for use at 1400° C.
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Nitrogen Ion Implantation Trials on Svalon 201 PSSN
4.1.3 The results of the 90 KeV Nitrogen ion implantation trials 
are presented in Graphs 4.4 and 4.5. Whilst moderate 
improvements in the mean and maximum MOR were observed at a dose 
of 1 X 10^7 ions/cm^, the major effect of this treatment appeared 
to be a reduction in the range of the results recorded. The 
mechanisms for this improvement are discussed in Chapter 6.3 and 
6.7.
Ion implantation at a dose of 5 x 10^^ ions/cm^ degraded the 
material properties below those of the datum condition. 
Fractography and SEM examination (Figs 5.4.1. - 5.4.3) showed
that the implanted surface was amorphised and blistered at this 
dose. It was assumed that this damage was responsible for the 
behaviour observed.
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Fracture Strength Testing on 10.2A.2 SRBSN
4.2.1 Graphs 4.6 to 4.9 show the results of the MOR testing 
carried out on two batches of 10.2A.2 SRBSN material in both the 
as ground and annealed condition. These results indicated that 
the material was less susceptible than Syalon 201 to the effects 
of grinding damage and the anisotropy associated with the 
machining process. Thermal annealing on samples machined from 
Batch 1 material resulted in only marginal improvements in the 
materials MOR values (Graphs 4.6 and 4.7), but fractographic 
examination of samples showed that the material frequently 
suffered from agglomeration of the sintering additives. These 
resulted in critical flaws within the bulk microstructure, as 
shown in Figures 5.1.5 to 5.1.7. It appeared that the strength 
limiting factor of the samples tested was the overall degree of 
process variability rather than the damage induced by grinding.
4.2.2 Graphs 4 .8 and 4.9 show the results obtained for the 
second batch of material tested in the as ground condition. The 
results for the samples machined to the 0.05 pm and 0.1 pm CLA 
finishes compare reasonably well with those measured for the 
Batch 1 samples. This would indicate a degree of reproducibility 
between different batches of this material. The samples machined 
to the coarser finish exhibit anisotropy with respect to the 
machining direction, indicating that at the coarsest finish, the 
effects of machining have again become a strength limiting 
factor.
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Fractographic Examination of 10.2A.2 SRBSN
4.2.3 Graphs 4.10 and 4.11 show the results of fractographic 
examination on all samples of 10.2A.2 SRBSN. The results 
presented in 4.10 (1st batch) indicate that thermal annealing 
reduced the overall number of samples failing from surface 
defects from about 35% for the as ground samples to about 10% for 
the annealed samples. It is suggested that this is due to near 
surface crack healing and a reduction in the severity of process 
defects via diffusion of the glassy phase (Chapter 6.3).
Graph 4.11 shows the number of surface nucleating failures for 
each of the conditions tested on the second batch of material. 
The general trend here was a reduction in the number of surface 
nucleating failures as the machined surface condition improved. 
Whilst the source of critical defects changed from machining 
damage to microstructural inhomogeneities, the MOR results 
plotted on Graph 4.9 show little real difference between the 
fracture strengths of the fine or coarse ground material. This 
would imply that the overall microstructural inhomogeneity within 
the material is as critical as the damage induced by coarse 
machining.
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Fracture Strength Testing on 5% YnO  ^ SSN HIP
4.3.1 The MOR results for the sinter HIP'ped material (Graphs 
4.12 and 4.13) are in general agreement with those obtained for 
the Syalon 201 PSSN ie damage is directional and most critical 
when tested in the transverse condition, and, that the fracture 
strength increased as the surface finish improved. However, 
unlike the Syalon 201 , a significant degree of anisotropy 
remained at the finest finishes tested. Analysis of the results 
obtained (Chapter 6.1.2) indicated that this was due to 
microstructural differences between the billets of raw material 
from which the specimens were machined.
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Thermal Annealing trials on 5% SSN HIP
4.3.2 Thermal annealing trials on the Sinter HIP’ped material 
(Graphs 4.14 and 4.15) indicated that improvements in both the 
mean and maximum MOR could be attained by thermal annealing in 
air at 1400° C. This effect appeared to be time dependant at 
exposures below 1 2 - 2 4  hours. Scanning Electron Microscopy 
indicated the presence of re-crystallised sintering additives at 
the machined surface - assumed to have promoted near surface 
crack healing (Figures 5.1.12, 5.3.3, 10.4.1 - 10.4.4 and Chapter 
6.3.4). Residual stresses were reduced (Chapter 6.7) and a 
combination of these two effects was assumed to have resulted in 
the observed improvements. However, certain samples were 
observed to fracture from particularly deep oxide artefacts 
(Figures 5.1.12, 5.3.3e and Chapter 6.3) assumed to occur at
localised areas of concentrated sinter additives. This again 
pointed to potential improvements in material processing.
Fractographic examination (Graph 4.16) of the annealed samples 
indicated that the number of surface nucleating failures 
decreased as the annealing time was increased. This is in 
agreement with the observations made on the annealed 10.2A.2 
SRBSN.
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Microhardness and Fracture Toughness Studies
Low Load Knoop Microhardness Testing on Ion Implanted Svalon 201 
PSSN
4.4.1 Graph 4.17 shows the results obtained from 10 gramme load 
Knoop hardness study on ion implanted Syalon 201 PSSN. The low 
load ensured that measurements were made within the ion implanted 
surface layer. The effect on the near surface hardness is one 
of initial hardening, followed by absolute softening. This is 
in agreement with the findings of other workers (eg Page and 
Burnett (84)) and is discussed fully in Chapter 6.5.
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Indentation Size Effect Study on 10.2A.2 SRBSN 
AND 5% Y0O3 SSN HIP
4.4.2 The results of the Indentation Size Effect Study on the 
5% Y2O3 SSN HIP and 10.2A.2 SRBSN materials are presented on 
Graph 4.18. The graph shows several interesting features. 
Firstly, the sinter HIP'ped material is consistently harder than 
the SRBSN. Secondly, both the scatter and overall hardness 
values increase as the indenter load is decreased. This 
behaviour is discussed fully in Chapter 6.5 and is attributable 
to a combination of factors such as grain size and distribution 
of second phase additives within the microstructure, the size of 
the area sampled at various loads, and the effects of mechanical 
and measurement errors at low loads.
117
-S
O)■Din
TJ
■O
118
Indentation Fracture and Fracture Toughness Measurements on 
5% Y2O3 SSN HIP
4.4.3 The indentation fracture results for the sinter HIP'ped 
material are shown on Graphs 4.19 (Vickers hardness vs load), 
4.20 (indentation crack parameter v s  load) and 4.21
(fracture toughness (K^^) vs load). A full discussion is
presented in Chapter 5.5.2 from which the following points are 
drawn.
The Vickers hardness values shown on Graph 4.19 exhibit a similar 
indentation size effect to that obtained during the comparative 
studies on 10.2A.2 SRBSN and sinter HIP'ped material. The causes 
of these variations were assumed to be the same, and the results 
indicated that the batch of material used for the indentation 
fracture studies was of a similar hardness to that used during 
the first years work.
4.4.4 Both the indentation crack parameter (P/Cg^/Z) Graph 4.20 
and fracture toughness (K-j^ ,) Graph 4.21 show a clear load 
dependence. The values measured do not appear to be consistent 
at loads below 5 Kg. It has been assumed that the primary cause 
for this behaviour was the accuracy required in measuring the 
dimensions of the crack systems obtained at low loads. Any 
errors incurred are subsequently compounded when the crack 
dimension Cq is raised to the power 3/2 in the calculation 
p /Cq '^^ .^ These errors are discussed fully in Chapter 6.5.
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CHAPTER 5.0 FRACTOGRAPHY AND MICROSCOPY
5.1 FRACTOGRAPHY
5.2 MEASUREMENTS OF SURFACE DAMAGE
5.3 OXIDISED SURFACES
5.4 NITROGEN ION IMPLANTATION
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CHAPTER 5. 
Section 5.
0 FRACTOGRAPHY AND MICROSCOPY
1 Fractoqraphv
Figure 5.1.1 
Figure 5.1.2 
Figure 5.1.3 
Figure 5.1.4 
Figure 5.1.5 
Figure 5.1.6 
Figure 5.1.7 
Figure 5.1.8 
Figure 5.1.9 
Figure 5.1 .10 
Figure 5.1.11
Figure 5.1.12
Surface breaking porosity in Syalon 201 PSSN. 
Aluminium inclusion in Syalon 201 PSSN. 
Nickel/Chrome inclusion in Syalon 201 PSSN.
Iron inclusion in Syalon 201 PSSN.
Iron/Chrome inclusion in 10.2A.2 SRBSN 
Sub surface pore in 10.2A.2 SRBSN.
Localised density inhomogeneity in 10.2A.2 SRBSN. 
Aluminium contamination in 5% Y2O3 SSN HIP.
Iron contamination in 5% Y2O3 SSN HIP.
Tin contamination in 5% Y2O3SSN HIP.
Oxide product at fracture nucleus in Syalon 201 
PSSN.
Oxide product at fracture nucleus in 5% Y2O3 SSN 
HIP.
Section 5.2 Measurements of Surface Damage
Figure 5.2.1
Figure 5.2.2
5.2.2a 
5.2.2b 
5.2.2c 
5.2.2d 
Figure 5.2.3
Figure 5.2.4
Figure 5.2.5
Figure 5.2.6
Figure 5.2.7
Figure 5.2.8
Typical diamond ground surfaces.
0,4pm, 0,1pm and 0,05pm CLA finishes on Syalon
201 PSSN.
Diamond ground surfaces produced for XRD residual 
stress measurements on 5% Y2O3 SSN HIP. 
Conventional grinding to 0,4pm CLA.
Conventional grinding to 0,06pm CLA.
C.U.P.E. "supermachining" to 0,06pm CLA.
Free abrasive polishing to 6pm diamond stage. 
Taper sectioning technique on 5% Y2O3 SSN HIP 
diamond ground to 0,4pm CLA.
Sub surface cracking on taper sectioned 5% Y2O3 
SSN HIP.
Longitudinal section of 5% Y2O3 SSN HIP diamond 
ground to 0,4pm CLA.
500g. Knoop diamond indentation in 10.2A.2 
SRBSN.
Sub surface crack system produced by 3Kg Knoop 
diamond indentation in Syalon 201 PSSN.
30 Kg Vickers diamond indentation in 5% Y2O3 SSN 
HIP.
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Section 5.3 Oxidised Surfaces
Figure 5.3.1 Syalon 201 PSSN after 24 hours at 1400°C in
air
Figure 5.3.2a 10.2A.2 SRBSN after 24 hours at 900°C in
air.
Figure 5.3.2b 10.2A.2 SRBSN after 24 hours at 1000°C in
air.
Figure 5.3.3 5% Y2O3SSN HIP after exposure at 1400°C in
air;
5.3.3a Datum sample
5.3.3b 6 hours exposure
5.3.3c 12 hours exposure
5.3.3d 24 hours exposure
5.3.3e 50 hours exposure
5.3.3f 100 hours exposure
Section 5.4 Nitrogen Ion Implanted Svalon 201 PSSN
Figure 5.4.1 
Figure 5.4.2 
Figure 5.4.3
Nitrogen blistering on surface implanted at a 
dose of 5 X 10^7 ions/cm^.
Nitrogen blistering and amorphised surface layer 
after implantation at 5 x 10^^ ions/cm^. 
Amorphised surface layer adjacent to fracture 
nucleus.
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5.1 FRACTOGRAPHY AND MICROSCOPY
SEM fractography was performed on a range of samples from 
each batch of specimens tested. Those exhibiting high fracture 
strengths often left no clear indication of any defect or 
machining induced crack system. Fracture markings would indicate 
a region within 5 pm of the surface, but beyond this no evidence 
of any particular microstructural defect was found. However, 
samples failing at the lower end of the range revealed much about 
the nature of strength limiting defects within these materials.
Several samples were observed to fail from surface-near surface 
pores, as shown in Figures 5.1.1 and 5.1.6. Areas of incomplete 
densification (Figure 5.1.7) were also located at fracture 
nuclei. However, the majority of defects observed were localised 
areas of metallic inclusions. These fell into two groups i) 
agglomerates of the metallic oxides used to aid densification (eg 
Figure 5.1.2) or ii) metallic impurities such as Nickel (Figure 
5.1.3), Iron (Figure 5.1.4) or Tin (Figure 5.1.10). A discussion 
of the investigations performed to trace the source of these 
inclusions is included in Section 6.4.2.
Fractography was also performed on samples subjected to thermal 
annealing. Figures 5.1 .11 and 5.1.12 show surface oxide products 
associated with fracture nuclei. In many cases, localised areas 
of deep oxide penetration were observed. These were assumed to 
have occurred at areas of high glass/second phase concentration. 
This is discussed fully in Section 6.3.5.
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Figure 5.1.1. Surface breaking porosity at fracture 
nucieus of Syaion 201 PSSN sampie.
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30,7X 15KV WD 12MM S 00000 P 00011IMM---------------AED 10.2A.2 SPECIMEN L2/2
Figure 5.1.6. Sub surface pore in 10.2A.2 SRBSN. 
Pore geometry is near sphericai and 100 pm in 
diameter.
15KV WD=14MM 5=00000 P=00070383X 
100UM------------------
10 2A 2 L13/2 NUCLEUS
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Figure 5.1.7a.
Figure 5.1.7 a & b. Figure 5.1.7a. shows area 
of iocaiised density inhomogeneity in 10.2A.2 
SRBSN, approximateiy 200 pm wide.
Figure 5.1.7b. shows voids and reduced 
volume of Intergranuiar phase.
Figure 5.1.7b.
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l U U X  1 5 K U  WD 1 5 MM S 0 0 0 0 0  P A D A D !5 n 0IJ M----------------------
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Figure 5.1.10a.
X-RAYLive:Real:
0 - 2 0  keV 50s Preset: 66 s 50s Remaini ng: Os24% Dead
3.520 keVch 186=FS=511 0S= -8MEM1:__________ 293 cts
Figure 5.1.10b.
Figure 5.1.10 a & b. Tin Inclusion In TNTL 
5%Y203 SSN HIP.
Figure 5.1.10a shows location of defect 
300 pm below machined surface .
Figure 5.1.10b microprobe analysis of 
defect Indicating presence of Tin at 
fracture nucleus.
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Figure 5.1.11a.
Figure 5.1.11 a & b. Syalon 201 PSSN annealed 
for 24 hours in air at 1400 C.
Figure a. shows general location of oxide pit 
at fracture nucleus below sample chamfer edge. 
Figure b. shows oxide layer thickness and 
glassy material around 85 pm deep void.
15KV W D ■19M
m
p æ : .
Figure 5.1.11b.
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Figure 5.1.12a.
Figure 5.1.12 a & b. 5% Y2 O3  SSN HIP, annealed 
for 100 hours In air at 1400 C.
Figure a. shows general appearance of surface 
oxide products prior to specimen fracture.
Figure b. shows subsequent fracture nucleus 
(view on arrow ’A’) adjacent to large yttrium 
disilicate grain marked ’B’ in figure a.
1 5 K V  W D  1 8 M M  S  0 8 0 0 0  p 00027
Figure 5.1.12b.
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5.2 MEASUREMENTS OF SURFACE DAMAGE
5.2.1 Machined and Polished Surfaces.
Figures 5.2.1a to 5.2.2d show typical machined and polished 
surface finishes. The coarser finishes (Figures 5.2.1a and 
5.2.2a) show the grinding grooves associated with the machining 
process. Pluckout was also evident along the line of machining 
but no gross surface cracking was evident.
Machining marks are not evident on samples with finer surface 
finishes or those produced by free abrasive polishing (Figures 
5.2.1b and 5.2.1c, 5.2.2c and 5.2.2d). However, some degree of 
pluckout remained in all cases. This was often most marked along 
the direction of grinding.
The MOR values obtained for various machined surfaces are 
tabulated and discussed in Section 6.1 and the near surface 
residual stress measurements in Section 6.7 and Appendix 3.
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Figure 5.2.2 a & b. Ground surfaces used for 
XRD residual stress measurements, 5%Y203 
SSN HIP.
Figure 5.2.2a. Magnification X I00
% i  h  A j
Figure 5.2.2a Conventional surface grinding 
to 0,4 pm CLA.
Figure 5.2.2b Conventional surface grinding 
to 0,06 pm CLA.
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Figure 5.2.2b. Magnification X I00
K # #i l » m m #
Figure 5.2.2 c & d. Ground surfaces used for 
XRD residual stress measurements, 5%Y20g 
SSN HIP.
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Figure 5.2.2c. Magnification X I00
Figure 5.2.2c C.U.P.E. super finish grinding 
to 0,06 pm CLA.
Figure 5.2.2d Free abrasive poiishing to 6 pm 
diamond stage using Struers Abramin.
Figure 5.2.2d. Magnification XlOO
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5.2 MEASUREMENTS OF SURFACE DAMAGE
5.2.2 Taper and Longitudinal Sectioning.
Figures 5.2.3 to 5.2,5 show the results obtained from both the 
taper and longitudinal sections made on coarse ground (0.4 pm 
CLA) sinter Hipped material. These revealed enhanced grain 
pullout beneath the machined surface (Figure 5.2.3) and cracks 
both beneath and adjacent to machining marks in the surface 
(Figures 5.2.4a, b and 5.2.5). Measurements of the depth of the 
damaged layers are presented and fully discussed in Section 6 .6 .
Taper Sectioning Technique 
5%Y2Û3 SSN HiP
143
3mm
3mm
45® X 0.25mm
0 = 7  degrees
Machined surface
d =  actual depth 
D =  apparent depth
Where D/d =  1/sin 0 =  8.2
Figure 5.2.3. Taper section of 5%Y20g SSN HiP 
surface ground to 0,4 pm CLA. Figure shows 
zone of increased grain puiiout beneath 
ground surface.
Magnification X200.
- ■
&
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Figure 5.2.4a.
Figure 5.2.4 a & b. Sub surface cracking 
adjacent to grinding grooves in 5%Y203 
SSN HIP. Sampie ground to 0,4 pm CLA. 
Magnification X2000.
Figure 5.2.4b.
Longitudinal Sectioning 
5%Y203 SSN HiP
145
Grinding direction
Longitudinal section of 0.4 fxm  CLA 
longitudinally ground sample
Figure 5.2.5. Longitudinal section of 5%Y203 SSN HiP. 
Sampie ground to 0,4 pm CLA. Figure shows sub 
surface lateral type cracking. Magnification X265.
I ' *
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5.2 MEASUREMENTS OF SURFACE DAMAGE
5.2.3 Diamond Indentation Studies.
Figures 5.2.6 to 5.2.8 show the crack systems associated with 
both Knoop and Vickers diamond indentations in 10.2A.2 SRBSN, 
Syalon 201 PSSN and 5% YgOg SSN HIP.
Figures 5.2.6 a and b show the intergranular nature of the crack 
system produced by a 500 g Knoop diamond indentation in 10.2A.2 
SRBSN. This resulted in grains near the surface being pushed 
free from the parent material.
Figures 5.2.7a and b show the median and lateral vent crack 
system beneath a 3 Kg Knoop diamond indentation in Syalon 201 
PSSN. The median vent crack does not extend directly beneath the 
line of the indentation, presumably due to the intergranular 
nature of the fracture. The crack also appears to be wedged 
open, possibly due to debris or residual stress.
Figure 5.2.8 shows the surface crack pattern produced by a 30 Kg 
Vickers diamond indentation in 5% Y2O3 SSN HIP. Deviations from 
the idealised crack geometry assumed in the fracture toughness 
calculations are obvious, and some relaxation of the indentation 
is indicated by barrelling of the edges.
A full discussion of the diamond indentation results is presented 
in Section 6 .5 and 6.6,2. Results are tabulated in Appendix 1,
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Figure 5.2.6a.
Figure 5.2.6 a & b. 500 g Knoop diamond 
indentation in 10.2A.2 SRBSN.
Figure 5.2.6a shows general location of 
indentation. Figure 5.2.6b shows intergranular 
nature of microcracking.
Figure 5.2.6b.
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Figure 5.2.7a.
Figure 5.2.7 a & b. 3 kg Knoop diamond 
indentation in Syalon 201 PSSN.
Figure 5.2.7a shows extent of median vent. 
Figure 5.2.7b shows median/iaterai crack 
system. Specimen tilt 67 degrees.
Figure 5.2.7b.
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U
100 um
Figure 5.2.8. 30 kg Vickers diamond indentation in 
5% Y2O3 SSN HIP. Note deviation from linear 
crack geometry due to intergranular nature of 
propagation, and relaxation of indentation via 
barreling of edges.
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5.3 OXIDISED SURFACES
Figures 5.3.1 to 5.3.3. show the surface effects observed on 
samples subjected to various annealing and oxidation trials.
These oxide products were always silicate based and glassy in 
appearance and often concentrated within the grain boundary phase 
of the material (Figures 5.3.1 and 5.3.2a and b) . The oxide 
layer produced on Syalon 201 PSSN was also observed to undergo 
shrinkage cracking on cooling, Figure 5.3.1.
Figures 5.3.3 a to f show the progressive growth of the surface 
oxide product on samples of 5% Y2O3 SSN annealed at times between 
6 and 100 hours. The needle like crystals observed to grow on 
the surface were subsequently identified as being Yttrium 
disilicate, formed by a combination of yttria from grain boundary 
regions and surface silica (Section 6 .3.5.3).
The effects of thermal annealing on the MOR values obtained for 
annealed samples are discussed in Section 6.3.1, 6.3.3 and 6.3.4.
Both the composition and formation of the oxide film are 
discussed in Section 6.3.5. Measurements of oxide layer 
thickness are shown in Appendix 4.
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Figure 5.3.1. Syaion 201 PSSN, annealed for 
24 hours in air at 1400 C. Figure shows 
glassy appearance of crazed oxide product.
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Figure 5.3.2a.
Figure 5.3.2 a & b. 10.2A.2 SRBSN annealed 
for 24 hours in air at 900 C (figure a.), and 
1000 C (figure b.). Both figures show 
oxidation products formed predom inantly by 
out diffusion of the intergranular phase. 
This is typical of "high glass fraction” 
silicon nitride materials.
2 , k : : I 5 k V  W O  1 5 M M  S 0 0 0 o a  p g o a i i5 ' J M - - - - - — - - - - - - - - - - -
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Figure 5.3.2b.
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5.4 NITROGEN ION IMPLANTATION
Typical surface effects produced by 90 KeV Nitrogen Ion 
implantation of Syalon 201 PSSN are shown in Figures 5.4.1 to 
5.4.3. Doses of 5 x 10^^ ions/cm^ resulted in the formation of 
a blistered surface layer (Figure 5.4.1). Cross sectional 
techniques and localised areas of surface damage revealed this 
layer to be between 1 and 2 pm in thickness (Figures 5.4.2 and 
5.4.3).
The effects of Nitrogen Ion Implantation on the MOR values of 
Syalon 201 PSSN are discussed in Section 6.3.2 and the resultant 
effect of the implanted surface layer on microhardness in Section 
6 .5.1.2. Measurements of near surface residual stresses are 
discussed in Section 6.7.3 and tabulated in Appendix 3.
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Figure 5.4.1. Nitrogen blistering on surface 
of Syaion 201 PSSN sampie after Nitrogen 
ion implantation ; 5 X lO^? ions/cm^ @ gOKev
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Figure 5.4.2. Contorted nature of amorphised 
layer on Syalon 201, Nitrogen ion implanted 
@ 5x10^^/cm^ 90 keV.
Figure 5.4.3. Amorphised layer adjacent to 
fracture nucleus on Syalon 201. Layer 
thickness 1 urn @ 5x10^^/cm^ 90 keV.
1 r ' . PI N  T r U  y U P r H  L E
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CHAPTER 6.0 DISCUSSION
6.1 MODULUS OF RUPTURE TESTING ON 
"AS RECEIVED" SAMPLES
6.2 THE GRINDING PROCESS
6.3 MODULUS OF RUPTURE TESTING ON 
ANNEALED AND ION IMPLANTED SAMPLES
6 .4 FRACTOGRAPHY
6.5 DIAMOND INDENTATION STUDIES
6.6 MEASUREMENTS OF MACHINING AND 
INDENTATION DAMAGE
6.7 X-RAY DIFFRACTION RESIDUAL STRESS 
MEASUREMENTS
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6 . 1  M O D U L U S  O F  R U P T U R E  T E S T I N G
T h e  r e s u l t s  o f  t h e  M O R  t e s t i n g  p e r f o r m e d  o n  t h e  " a s  
r e c e i v e d "  s a m p l e s  o f  S y a l o n  2 0 1 ,  T  & N  1 0 . 2 A . 2  a n d  t h e  T  &  N  5 %  
Y 2O 3 S S N  H I P  a r e  s u m m a r i s e d  i n  T a b l e  6 . 1 . 1 .  I n  g e n e r a l  t e r m s ,  
t h e  e f f e c t s  w e r e  t h r e e f o l d ;
i ) B o t h  m e a n  a n d  m a x i m u m  f r a c t u r e  s t r e n g t h s  i n c r e a s e d  a s
t h e  s u r f a c e  f i n i s h  i m p r o v e d ,  i n d i c a t i n g  a  r e l a t i o n s h i p  
b e t w e e n  t h e  s e v e r i t y  o f  t h e  d a m a g e  a n d  t h e  s u r f a c e  
c o n d i t i o n .
i i )  T r a n s v e r s e  g r o u n d  s a m p l e s  e x h i b i t e d  l o w e r  f r a c t u r e
s t r e n g t h s  t h a n  c o m p a r a b l e  s u r f a c e s  p r o d u c e d  i n  t h e  
l o n g i t u d i n a l  d i r e c t i o n .  T h i s  i m p l i e d  t h a t  t h e  
s e v e r e s t  d a m a g e  a s s o c i a t e d  w i t h  d i a m o n d  g r i n d i n g  h a d  
a  p r e f e r r e d  o r i e n t a t i o n , i . e .  a l o n g  t h e  l i n e  o f  t h e  
m a c h i n i n g  d i r e c t i o n .
i i i )  T h e  c o n d i t i o n  o f  t h e  g r o u n d  s u r f a c e  h a d  a n  e f f e c t  o n
t h e  W e i b u l l  m o d u l u s  o b t a i n e d  f o r  a n y  p a r t i c u l a r  
c o n d i t i o n .  T h i s  e f f e c t  w a s  n o t  c o n s i s t e n t ,  a n d  m a y  
w e l l  h a v e  b e e n  " m a t e r i a l  s p e c i f i c " .  T h i s  r a i s e d
q u e s t i o n s  r e g a r d i n g  t h e  i n t e r a c t i o n  b e t w e e n  
a r t i f i c i a l l y  i n d u c e d  d e f e c t s  ( e . g .  m a c h i n i n g  d a m a g e )  
a n d  t h o s e  i n h e r e n t  t o  t h e  m a t e r i a l  ( e . g .  p r o c e s s
f l a w s )
T h e s e  o b s e r v a t i o n s  a r e  i n  b r o a d  a g r e e m e n t  w i t h  t h e  f i n d i n g s  
o f  o t h e r  w o r k e r s  i n  t h i s  f i e l d .  H a n n e y  & M o r r e l l  ( 3 8 )  
f o u n d  t h a t  b o t h  t h e  s t r e n g t h  a n d  W e i b u l l  m o d u l u s  o f  a  c o m m e r c i a l  
a l u m i n a  c e r a m i c  ( S i n t o x  F A )  w e r e  d e p e n d e n t  o n  t h e  a b r a s i v e  g r i t  
s i z e  o f  t h e  w h e e l s  u s e d  d u r i n g  m a n u f a c t u r e .  O t h e r  e v i d e n c e  h a s  
b e e n  p u b l i s h e d  b y  R i c e  &  M e c h o l s k y  ( 7 6 )  i n d i c a t i n g  t h a t  s o d a - l i m e  
g l a s s ,  m u l l i t e .  M a g n e s i u m  f l u o r i t e  a n d  b o r o n  c a r b i d e  a l s o  s h o w e d  
a  s i g n i f i c a n t  s t r e n g t h  a n i s o t r o p y  b e t w e e n  l o n g i t u d i n a l  a n d  
t r a n s v e r s e  m a c h i n i n g .  W h i l s t  t h e  r e s u l t s  o b t a i n e d  f o l l o w  t h e s e  
o b s e r v a t i o n s ,  s e v e r a l  p o i n t s  a r e  w o r t h y  o f  n o t e ;
6 . 1 . 1  T h e  d e g r e e  o f  a n i s o t r o p y  a s s o c i a t e d  w i t h  t h e  f r a c t u r e  
s t r e n g t h s  o f  t h e  S y a l o n  2 0 1  a n d  t h e  5 %  Y 2O 3 S S N  H I P  t e n d e d  t o
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d e c r e a s e  a s  t h e  s u r f a c e  f i n i s h  i m p r o v e d .  A  d i f f e r e n c e  o f  o n l y  
4 %  r e m a i n e d  b e t w e e n  t h e  f i n e s t  f i n i s h e s  p r o d u c e d  o n  t h e  S y a l o n  
2 0 1  . I t  i s  s u g g e s t e d  t h a t  t h e s e  s a m p l e s  p o s s e s s e d  a  l o w  l e v e l  
o f  d a m a g e  a n d  t h a t  t h e  d a m a g e  i n t r o d u c e d  b y  p r e v i o u s  c o a r s e  
m a c h i n i n g  o p e r a t i o n s  h a d  l a r g e l y  b e e n  r e m o v e d .  H o w e v e r ,  t h i s  w a s  
n o t  t h e  c a s e  w i t h  t h e  s i n t e r  H I P ' p e d  m a t e r i a l .  A  d i f f e r e n c e  o f  
a l m o s t  2 0 0  M P a  r e m a i n e d  b e t w e e n  t h e  m e a n  s t r e n g t h s  o f  t h e  f i n e  
g r o u n d  b a r s .  D e s p i t e  s l i g h t  c h a n g e s  t o  t h e  m a c h i n i n g  s c h e d u l e s  
u s e d  t o  g r i n d  t h e  t w o  m a t e r i a l s ,  t h e  f i n i s h i n g  o p e r a t i o n s  ( i . e .  
f i n e  c u t t i n g ) ,  w e r e  s i m i l a r .  I t  m a y  b e  t h a t  t h e  f i n e  g r o u n d  
s i n t e r  H I P ' p e d  s a m p l e s  p o s s e s s e d  a  g r e a t e r  d e g r e e  o f  r e s i d u a l  
d a m a g e  t h a n  w a s  a p p a r e n t  i n  t h e  S y a l o n  2 0 1  s a m p l e s ,  b u t  i t  i s  
s u g g e s t e d  t h a t  o t h e r  f a c t o r s  a c c o u n t e d  f o r  t h e  " l o w "  r e s u l t s  
o b t a i n e d  f o r  t h e  f i n e  t r a n s v e r s e  g r o u n d  s i n t e r  H I P ' p e d  s p e c i m e n s .  
T a b l e  6 . 1 . 2  s h o w s  t h e  m e a n  f r a c t u r e  s t r e n g t h s  a n d  s t a n d a r d  
d e v i a t i o n s  o f  s a m p l e s  p r o d u c e d  f r o m  e a c h  o f  t h e  f i v e  o r i g i n a l  
b i l l e t s  o f  s i n t e r  H I P ' p e d  m a t e r i a l .
T a b l e  6 . 1 . 2 INTER-BILLET FRACTURE STRENGTH VARIATIONS 
TURNER & NEWALL 5% YoOgSSN HIP
B I L L E T  N O M E A N  M . O . R .  M P a
S T A N D A R D  D E V I A T I O N  
M P a
1 6 6 7 . 4 ± 5 2 . 4
2 7 4 1  .2 ± 5 2 . 9
3 7 6 1  .8 ± 3 9 . 5
4 7 6 7 . 4 ± 2 0 . 5
5 8 8 4 . 9 ± 6 2 . 8
W h i l s t  b i l l e t s  2, 3 a n d  4 a r e  i n  f a i r l y  g o o d  a g r e e m e n t ,
b i l l e t  1 i s  q u i t e  c l e a r l y  t h e  w e a k e s t  a n d  b i l l e t  5 t h e  s t r o n g e s t .  
T h e  f i n e  t r a n s v e r s e  g r o u n d  s a m p l e s  w e r e  m a c h i n e d  e n t i r e l y  f r o m  
b i l l e t  1 , w h i l s t  t h e  s a m p l e s  e x h i b i t i n g  t h e  g r e a t e s t  m e a n  a n d
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m a x i m u m  s t r e n g t h ,  ( 0 , 1 5 y . m  l o n g i t u d i n a l ) ,  w e r e  t a k e n  f r o m  b i l l e t  
5, T h i s  s u g g e s t s  a  v a r i a b i l i t y  i n  m a t e r i a l  q u a l i t y  f r o m  w i t h i n  
t h e  s a m e  b a t c h , ( c o m p a r e  w i t h  i n t e r - b a t c h  v a r i a t i o n s  S e c t i o n  6 . 3 ) ,  
a n d  s h o u l d  b e  i n v e s t i g a t e d  f u r t h e r .  F u r t h e r  c o m m e n t  o n  t h e  
v a r i a t i o n s  f o u n d  w i t h i n  t h e  b i l l e t s  t h e m s e l v e s  i s  m a d e  i n  S e c t i o n
6 . 6 . 3  a n d  A p p e n d i x  2.
6 . 1 . 2  T h e  t r e n d s  i n  W e i b u l l  m o d u l u s  o b s e r v e d  i n  t h e  S y a l o n  2 0 1  
a n d  s i n t e r  H I P ' p e d  m a t e r i a l s  w e r e  n o t  c o n s i s t e n t .  T h e  S y a l o n  2 0 1  
s h o w e d  d e c r e a s i n g  W e i b u l l  m o d u l i  a s  t h e  s u r f a c e  f i n i s h  i m p r o v e d ,  
w h i l s t  t h e  v a l u e s  o b t a i n e d  f o r  t h e  s i n t e r  H I P ' p e d  m a t e r i a l  
i n c r e a s e d .  T h i s  m a y  h a v e  b e e n  d u e  t o  a  c h a n g e  i n  t h e  n a t u r e  o f  
t h e  d o m i n a n t  d e f e c t s  c a u s i n g  f r a c t u r e .
M e a s u r e m e n t s  o f  t h e  d a m a g e  p r o d u c e d  d u r i n g  c o a r s e  g r i n d i n g  
( S e c t i o n  6 ,6 ) i n d i c a t e d  t h a t  d a m a g e d  l a y e r s  a n d  s u b -  s u r f a c e  
m i c r o c r a c k i n g  w e r e  c o n t a i n e d  w i t h i n  1 0 's o f  m i c r o n s  o f  t h e  
s u r f a c e .  T h i s  w a s  l a r g e r  t h a n  t h e  m a j o r i t y  o f  t h e  p r o c e s s  
r e l a t e d  i n c l u s i o n s  a n d  d e f e c t s  f o u n d  i n  S y a l o n  2 0 1  a n d  5 %  Y 2O 3 
S S N  H I P ,  b u t  n o t  t h e  1 0 . 2 A . 2  m a t e r i a l  ( S e c t i o n  6 . 1 . 3 ) .  T h e  
l a r g e r  m a c h i n i n g  i n d u c e d  d e f e c t s  w o u l d  t h e r e f o r e  a c t  a s  t h e  
p r e d o m i n a n t  f r a c t u r e  n u c l e i ,  b e i n g  m o r e  " s e v e r e "  t h a n  t h e  t y p i c a l  
d e f e c t s  f o u n d  w i t h i n  t h e  b u l k  m a t e r i a l .  T h i s  w o u l d  r e s u l t  i n  
l o w e r  f r a c t u r e  s t r e n g t h s  t h a n  m i g h t  b e  o b t a i n e d  f r o m  a n  " i d e a l " ,  
u n d a m a g e d  s a m p l e .  F u r t h e r m o r e ,  t h e  c o a r s e  m a c h i n i n g  m a y  b e  
e x p e c t e d  t o  i n t r o d u c e  a  h i g h  d e n s i t y  o f  d a m a g e  i n t o  t h e  s u r f a c e ,  
a n d  t h i s  w o u l d  r e s u l t  i n  a  r e l a t i v e l y  h i g h  W e i b u l l  m o d u l u s  d u e  
t o  t h e  l a r g e  n u m b e r  o f  d e f e c t s  p r e s e n t .  T h e  r e s u l t s  o b t a i n e d  
f r o m  b o t h  t h e  S y a l o n  2 0 1  a n d  t h e  5 %  Y 2O 3 S S N  H I P  m a t e r i a l s  a p p e a r  
t o  b e  i n  a g r e e m e n t  w i t h  t h i s ,  i . e .  l o w  s t r e n g t h s  ( c o m p a r e d  w i t h  
s a m p l e s  p o s s e s s i n g  b e t t e r  s u r f a c e s ) ,  a n d  r e l a t i v e l y  h i g h  W e i b u l l  
m o d u l i ,  e . g .  m  =  1 0 . 5  -  1 3 . 0  S y a l o n  2 0 1  a n d  m  =  9 . 9  - 1 0 . 5  5 %  
Y 2O 3 S S N  H I P .
I m p r o v e m e n t s  i n  s u r f a c e  c o n d i t i o n  m a y  b e  e x p e c t e d  t o  l e a v e  
s u r f a c e s  w i t h  p r o g r e s s i v e l y  l o w e r  l e v e l s  o f  m a c h i n i n g  d a m a g e  ( s e e  
S e c t i o n  6 .6 , w h e r e  n o  d a m a g e  w a s  f o u n d  o n  i n t e r m e d i a t e  o r  f i n e  
g r o u n d  s a m p l e s ) ,  a n d  a s  t h e s e  a p p r o a c h  t h e  s i z e  o f  t h e  p r o c e s s  
f l a w s  f o u n d  w i t h i n  t h e  m a t e r i a l ,  a  t r a n s i t i o n  f r o m  m a c h i n i n g  f l a w  
d o m i n a t e d  f a i l u r e  t h r o u g h  a  m i x e d - m o d e  o f  m a c h i n i n g  f l a w / p r o c e s s
163
d e f e c t  n u c l e a t e d  f a i l u r e  t o  a  w h o l l y  p r o c e s s  d e f e c t  d o m i n a t e d  
m o d e  o f  f a i l u r e  ( i n  a n  " i d e a l "  u n d a m a g e d  s u r f a c e ) ,  w o u l d  b e  
e x p e c t e d .  T h e  W e i b u l l  m o d u l i  a s s o c i a t e d  w i t h  f i n e  g r o u n d  o r  
p o l i s h e d  s u r f a c e s  w o u l d  t h e r e f o r e  r e f l e c t  t h e  o v e r a l l  s t a t e  o f  
t h e  b u l k  m a t e r i a l  t o  a  g r e a t e r  d e g r e e  t h a n  c o a r s e  g r o u n d  s a m p l e s .  
T h e  d i f f e r i n g  t r e n d s  i n  t h e  b e h a v i o u r  o f  t h e  S y a l o n  2 0 1  a n d  t h e  
5 %  Y 2O 3 m a y  b e  e x p l a i n e d  b y  f u n d a m e n t a l  d i f f e r e n c e s  i n  t h e  
W e i b u l l  m o d u l i  a s s o c i a t e d  w i t h  t h e  b u l k  m a t e r i a l .
T h e  W e i b u l l  m o d u l u s  o f  t h e  S y a l o n  2 0 1  s a m p l e s  d e c r e a s e d  t o  
b e t w e e n  7 . 6  - 8.8 f o r  t h e  f i n e  g r o u n d  s a m p l e s ,  a n d  t h i s  i s  i n  
a g r e e m e n t  w i t h  t h e  v a l u e  o f  7 . 7  a d o p t e d  b y  R o l l s  - R o y c e  p i c  f o r  
d e s i g n  p u r p o s e s  ( 3 6 ) ,  a n d  t h e  v a l u e  o f  8 . 0  + q u o t e d  b y  t h e  
m a n u f a c t u r e r  ( 7 7 ) .  T h i s  i s  t y p i c a l  o f  t h e  W e i b u l l  m o d u l i  
p o s s e s s e d  b y  m o n o l i t h i c  s i l i c o n  n i t r i d e  m a t e r i a l s  d e v e l o p e d  
d u r i n g  t h e  l a t e  1 9 6 0 ' s  a n d  t h e  1 9 7 0 's. T h e  v a l u e s  o f  m  b e t w e e n  
1 0 . 5  a n d  1 3 . 0  o b t a i n e d  o n  c o a r s e  g r o u n d  s a m p l e s  a r e  p r e s u m e d  t o  
b e  a r t i f i c i a l l y  h i g h  d u e  t o  t h e  l a r g e  n u m b e r  o f  d e f e c t s  
i n t r o d u c e d  d u r i n g  t h e  g r i n d i n g .
W h i l s t  e x h i b i t i n g  W e i b u l l  m o d u l i  o f  t h e  s a m e  o r d e r  a s  S y a l o n  
2 0 1  f o r  c o a r s e  g r o u n d  s u r f a c e s ,  t h e  s i n t e r  H I P ' p e d  m a t e r i a l  
e x h i b i t e d  a n  i n c r e a s e  i n  W e i b u l l  m o d u l u s  a s  t h e  s u r f a c e  f i n i s h  
i m p r o v e d .  T h i s  m a t e r i a l  r e p r e s e n t s  t h e  c u r r e n t  " s t a t e  o f  t h e  
a r t "  o f  m o n o l i t h i c  s i l i c o n  n i t r i d e  d e v e l o p m e n t  ( 3 0 ) ,  a n d  i t  w a s  
n o t  u n r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  r e f i n e d  ( a l t h o u g h  a s  y e t ,  n o t  
f u l l y  p e r f e c t e d ) ,  p r o c e s s  r o u t e  y i e l d e d  a  m a t e r i a l  w i t h  
c o n s i d e r a b l y  b e t t e r  p r o p e r t i e s  t h a n  S y a l o n  2 0 1  . W o r k  c u r r e n t l y  
b e i n g  u n d e r t a k e n  a t  R o l l s  - R o y c e  p i c  a n d  T u r n e r  &  N e w a l l  
T e c h n o l o g i e s  L t d . ,  s h o u l d  c o n f i r m  w h e t h e r  t h e  v a l u e s  o f  m  
o b t a i n e d  f o r  t h e  f i n e  g r o u n d  s a m p l e s  ( 1 3 . 8  - 1 8 . 1 )  a r e  t r u l y  
r e p r e s e n t a t i v e  o f  t h e  b u l k  m a t e r i a l  p r o p e r t i e s .
6 . 1 . 3  T h e  r e s u l t s  o b t a i n e d  f r o m  t h e  1 0 . 2 A . 2  S R B S N  m a t e r i a l  d o  
n o t  f o l l o w  t h e  t r e n d s  o f  t h e  o t h e r  m a t e r i a l s  e x a m i n e d .  H o w e v e r ,  
t h i s  i s  a  l o w  g r a d e  m a t e r i a l  a n d  w a s  i n i t i a l l y  u s e d  t o  d e v e l o p  
t e c h n i q u e s  f o r  t h e  e x a m i n a t i o n  o f  t h e  s i n t e r  H I P ' p e d  m a t e r i a l .
T h e  m a t e r i a l  c o n t a i n e d  u p  t o  2 % r e s i d u a l  p o r o s i t y  ( 7 8 )  a n d  
d e f e c t s  g r e a t e r  t h a n  l O O ^ m  i n  s i z e  w e r e  f o u n d  o n  f r a c t u r e  
s u r f a c e s  ( e . g .  F i g u r e  5 . 1 . 6 ) .  F u r t h e r m o r e ,  v i s u a l  e x a m i n a t i o n
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p r i o r  t o  t e s t i n g  r e v e a l e d  t h a t  t h e  c h a m f e r  e d g e s  a n d  t e s t  
s u r f a c e s  o f  s o m e  s a m p l e s  h a d  b e e n  i n c o r r e c t l y  m a c h i n e d  ( S e c t i o n  
6 . 2 ) t h u s  c a s t i n g  d o u b t  o n  t h e  v a l i d i t y  o f  t h e  r e s u l t s .
W h i l s t  t h e  1 0 . 2 A . 2  S R B S N  s h o w e d  s o m e  s e n s i t i v i t y  t o  
m a c h i n i n g  d a m a g e ,  i t  i s  s u g g e s t e d  t h a t  t h e  i n h e r e n t  f l a w  s i z e  a n d  
r e s i d u a l  p o r o s i t y  l e v e l  w i t h i n  t h e  m a t e r i a l  a r e  s o  g r e a t  a s  t o  
r e n d e r  a n y  a t t e m p t  t o  c o r r e l a t e  s t r e n g t h  a n d  r e l i a b i l i t y  w i t h  
m a c h i n e d  s u r f a c e  c o n d i t i o n  e x t r e m e l y  d i f f i c u l t .
6 . 1 . 4  W h i l s t  t h e  e f f e c t s  o f  d i a m o n d  m a c h i n i n g  c e r t a i n  s i l i c o n  
n i t r i d e  m a t e r i a l s  h a v e  b e e n  a s s e s s e d ,  p e r h a p s  t h e  m o s t  i m p o r t a n t  
o b s e r v a t i o n  m a d e  o n  a l l  o f  t h e  m a t e r i a l s  t e s t e d  w a s  t h a t  o f  
p r o c e s s  v a r i a b i l i t y .  I n t e r  - b i l l e t  v a r i a t i o n s  w e r e  o b s e r v e d  o n  
s a m p l e s  f r o m  t h e  s a m e  b a t c h  o f  s i n t e r  H I P ' p e d  m a t e r i a l  u s e d  i n  
t h e  f i r s t  y e a r ,  a n d  i n t e r  - b a t c h  v a r i a t i o n s  o n  b o t h  S R B S N  a n d  
s i n t e r  H I P ' p e d  m a t e r i a l s .  W o r s e  s t i l l ,  n o  b a t c h  i d e n t i f i c a t i o n s  
o r  t r a c e a b i l i t y  w e r e  a v a i l a b l e  a t  a l l  f o r  t h e  S y a l o n  m a t e r i a l  
p r i o r  t o  1 9 8 7 .  I t  i s  t h u s  i m p e r a t i v e  t o  e n s u r e  c o m p l e t e  c o n t r o l  
a n d  r e p o r t i n g  o f  t h e  m a n u f a c t u r i n g  p r o c e s s  p r i o r  t o  e m b a r k i n g  o n  
a  q u a n t i f i e d  a s s e s s m e n t  o f  t h e  e f f e c t s  o f  d i a m o n d  m a c h i n i n g  t h i s  
f a m i l y  o f  m a t e r i a l s .
6 . 2  T H E  G R I N D I N G  P R O C E S S
A l l  s a m p l e s  p r o d u c e d  f o r  M o d u l u s  o f  R u p t u r e  t e s t i n g  w e r e  
d i a m o n d  g r o u n d  t o  t h e  s p e c i f i c a t i o n s  o u t l i n e d  i n  S e c t i o n  2 . 4 .  
T h e s e  s c h e d u l e s  w e r e  d e v e l o p e d  o n  a n  i t e r a t i v e  b a s i s  b e t w e e n  
R o l l s  - R o y c e  p i c  a n d  t h e  m a n u f a c t u r e r  o v e r  t h e  c o u r s e  o f  s e v e r a l  
y e a r s  p r o d u c t i o n  o f  b o t h  c e r a m i c  t e s t  p i e c e s  a n d  t u r b i n e  
c o m p o n e n t s .
H o w e v e r ,  c e r t a i n  p r o b l e m s  w e r e  e n c o u n t e r e d  d u r i n g  t h e  c o u r s e  
o f  t h e  r e s e a r c h .  W h i l s t  c a r e  w a s  t a k e n  t o  e n s u r e  a d h e r e n c e  t o  
t h e  p r o c e d u r e s  s p e c i f i e d ,  o c c a s i o n a l l y  t h e  m a c h i n e  o p e r a t o r  w o u l d  
d e v i a t e  i n  s o m e  w a y  i n  o r d e r  t o  " f i n i s h  t h e  j o b " .  T h i s  r e s u l t e d  
i n  s p e c i m e n s  w i t h  i n c o r r e c t l y  m a c h i n e d  t e s t  s u r f a c e s  a n d  c h a m f e r  
e d g e s .  W h i l s t  t h e s e  c o u l d  b e  i d e n t i f i e d  d u r i n g  r o u t i n e  v i s u a l  
i n s p e c t i o n  p r i o r  t o  t e s t i n g ,  s o m e  c o n c e r n  w a s  r a i s e d  a s  t o  t h e  
d e g r e e  o f  c o n t r o l  e x e r c i s e d  b y  a  p r o d u c t i o n  b a s e d  c o m p a n y  w h e n
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u n d e r t a k i n g  r e s e a r c h  w o r k .
I n  o r d e r  t o  e x a m i n e  t h e  e f f e c t s  o f  s p e c i f i c  g r i n d i n g  
v a r i a b l e s  o n  s u r f a c e  c o n d i t i o n ,  i t  w o u l d  b e  n e c e s s a r y  t o  
i n s t r u m e n t  t h e  g r i n d i n g  m a c h i n e  i n  o r d e r  t o  m e a s u r e  p a r a m e t e r s  
s u c h  a s  w h e e l  d o w n f o r c e  a n d  d y n a m i c  b a l a n c e .
T h i s  m a y  w e l l  p r o v e  d i f f i c u l t  i n  a  p r o d u c t i o n  w o r k s h o p  
a r r a n g e d  f o r  t h e  m o s t  e f f i c i e n t  u s a g e  o f  m a c h i n e  t i m e .  I t  i s  
s u g g e s t e d  t h a t  t h e  e x a m i n a t i o n  o f  v a r i a b l e s  s u c h  a s  s p e e d s ,  
f e e d s ,  v i b r a t i o n s  a n d  c u t t i n g  f o r c e s  w o u l d  b e  b e s t  u n d e r t a k e n  o n  
a  g r i n d i n g  m a c h i n e  d e d i c a t e d  t o  r e s e a r c h  p u r p o s e s .  I t  w a s  f o r  
t h e s e  r e a s o n s  t h a t  i n i t i a l  c o n t a c t  w a s  m a d e  w i t h  t h e  p r e c i s i o n  
e n g i n e e r i n g  u n i t  a t  t h e  C r a n f i e l d  I n s t i t u t e  o f  T e c h n o l o g y .  
W h i l s t  n o  M o d u l u s  o f  R u p t u r e  t e s t  p i e c e s  w e r e  p r o d u c e d ,  s a m p l e s  
o f  f i n e  g r o u n d  m a t e r i a l  w e r e  s u b j e c t  t o  r e s i d u a l  s t r e s s  
m e a s u r e m e n t s  f o r  c o m p a r i s o n  w i t h  t h e  b e s t  s u r f a c e s  p r o d u c e d  b y  
c o n v e n t i o n a l  g r i n d i n g  ( S e c t i o n  6 . 7 ) .  I t  i s  h o p e d  t h a t  f u r t h e r  
w o r k , b a s e d  o n  t h e  f i n d i n g s  o f  t h i s  r e s e a r c h ,  w i l l  b e  c a r r i e d  o u t  
i n  c o l l a b o r a t i o n  w i t h  C r a n f i e l d  i n  t h e  f u t u r e  ( S e c t i o n  8 . 2 ) .
6 . 3  A N N E A L I N G  T R I A L S  A N D  P A L L I A T I V E  T R E A T M E N T S
6 . 3 . 1  A N N E A L I N G  T R I A L S  O N  S Y A L O N  2 0 1
A t t e m p t s  t o  h e a l  t h e  m a c h i n i n g  d a m a g e  i n  S y a l o n  2 0 1  p r o v e d  
u n s u c c e s s f u l .  G r a p h  4 . 3  s h o w s  t h e  r e s u l t s  o f  2 4  h o u r  t h e r m a l  
s o a k i n g  a t  1 0 0 0 ° C  a n d  1 4 0 0 ° C  o n  t r a n s v e r s e  s a m p l e s .  T h e  1 0 0 0 ° C  
h e a t  t r e a t m e n t  a p p e a r e d  t o  h a v e  l i t t l e  e f f e c t  o n  t h e  r u p t u r e  
p r o p e r t i e s  o f  t h e  m a t e r i a l .  T h i s  w a s  n o t  s u r p r i s i n g  s i n c e  t h e  
m a t e r i a l  c o n t a i n e d  a  r e c r y s t a l l i s e d  s e c o n d  p h a s e  s t a b l e  a t  
t e m p e r a t u r e s  i n  e x c e s s  o f  1 0 0 0 ° C .  L i t t l e  o r  n o  d i f f u s i o n  o f  t h e  
s e c o n d  p h a s e  w a s  e x p e c t e d  a n d  o p t i c a l  e x a m i n a t i o n  o f  t h e  s a m p l e s  
r e v e a l e d  l i t t l e  o r  n o  o x i d e  l a y e r  f o r m a t i o n .
T h e  s a m p l e s  a n n e a l e d  a t  1 4 0 0 ° C  c l e a r l y  s h o w e d  a  r e d u c t i o n  
i n  s t r e n g t h  a s s o c i a t e d  w i t h  t h e  t h e r m a l  h e a t  t r e a t m e n t .  
C o m p a r i s o n  o f  t h e  m e a n  d a t a  i n d i c a t e d  a  r e d u c t i o n  o f  3 1 % ,  w h i l s t  
t h e  m a x i m u m  M O R  v a l u e s  r e d u c e d  b y  2 5 % .  F r a c t o g r a p h y  r e v e a l e d  
t h a t  a  s i g n i f i c a n t  n u m b e r  o f  t h e  f a i l u r e s  n u c l e a t e d  a t  o r  n e a r
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s i t e s  o f  s e v e r e  s u r f a c e  o x i d a t i o n  t y p i f i e d  b y  t h e  8 5 p m  d e e p  p i t  
s h o w n  i n  F i g u r e  5 . 1 . 1 1 .  T h e  o x i d a t i o n  s i t e s  a c t e d  a s  " d e f e c t s "  
o r  s t r e s s  c o n c e n t r a t i o n s  o f  a  m o r e  c r i t i c a l  n a t u r e  t h a n  t h e  
m a c h i n i n g  d a m a g e ,  t h u s  r e d u c i n g  t h e  o v e r a l l  f r a c t u r e  s t r e n g t h  o f  
t h e  m a t e r i a l . O b s e r v a t i o n s  o f  t h e  o x i d a t i o n  p r o d u c t s  f o r m e d  a r e  
d e s c r i b e d  i n  S e c t i o n  6 . 3 . 5 . 1 .
6.3.2 90KeV NITROGEN ION IMPLANTATION IN SYALON 201
6 . 3 . 2 . 1  T h e  e f f e c t s  o f  i o n  i m p l a n t a t i o n  o n  t h e  s u r f a c e / n e a r  
s u r f a c e  p r o p e r t i e s  o f  a  w i d e  r a n g e  o f  m a t e r i a l s  h a v e  b e e n  
r e p o r t e d  b y  m a n y  w o r k e r s .  ( 5 9 , 6 0 , 6 1 , 7 9 , 8 0 . 8 1 , 8 2 , 8 3 , 8 4 , 8 5 , 8 6 ) .  
H a r t l e y  ( 5 9 )  r e p o r t e d  r e d u c t i o n s  i n  t h e  c o e f f i c i e n t  o f  f r i c t i o n  
o f  E N  3 5 2  s t e e l ,  w h i l s t  B u r n e t t  a n d  P a g e  ( 8 3 , 8 7 )  o b s e r v e d  s u r f a c e  
h a r d e n i n g  a n d  a m o r p h i s a t i o n  o n  b o t h  c l e a v e d  M g O  s i n g l e  c r y s t a l s  
a n d  s a p p h i r e .  T h e s e  p h e n o m e n a  h a v e  b e e n  a t t r i b u t e d  t o  t h e  
e x i s t e n c e  o f  s u r f a c e / n e a r  s u r f a c e  c o m p r e s s i v e  s t r e s s e s  a n d  
i n c r e a s e d  r e s i s t a n c e  t o  d i s l o c a t i o n  m o t i o n  d u e  t o  n e a r  s u r f a c e  
r a d i a t i o n  d a m a g e .  ( 8 1 , 8 2 , 8 3 , 8 4 , 8 7 , 8 8 ) .
6 . 3 . 2 . 2  C o m p a r i s o n  o f  t h e  d a t u m  a n d  N i t r o g e n  I o n  i m p l a n t e d
s a m p l e s  i n d i c a t e d  t h a t  s p e c i m e n s  i m p l a n t e d  a t  d o s e s  i n  e x c e s s  o f  
8 X  l O ^ G  i o n s / c m ^  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  i n  t h e  
u n t r e a t e d  c o n d i t i o n .  D o s e s  o f  8 x  1 0 ^ ^  a n d  1 x  1 0 ^ ^  i o n s / c m ^  
s h o w e d  m a r g i n a l  i m p r o v e m e n t s  ( 5 0 M P a )  i n  p e a k  s t r e n g t h s ,  b u t  
s i g n i f i c a n t  i m p r o v e m e n t s  o f  u p  t o  1 4 0  M P a  i n  m e a n  s t r e n g t h .  
S c a t t e r  a m o n g s t  t h e  l o w e s t  r e s u l t s  w a s  r e d u c e d ,  a n d  t h i s  w a s  
r e f l e c t e d  i n  a n  o v e r a l l  i n c r e a s e  i n  t h e  W e i b u l l  m o d u l u s  o f  t h e s e  
s a m p l e s .  G r a p h  4 . 5  s h o w s  t h e  u n i t  a r e a  s t r e n g t h  a g a i n s t  i o n  
d o s a g e .  T h e  u n i t  a r e a  s t r e n g t h  i s  d i r e c t l y  r e l a t e d  t o  t h e  
W e i b u l l  m o d u l u s  ( S e c t i o n  2 . 2 ) ,  a n d  a t  1 x  1 0 ^ ^  d o s e  l e v e l  t h e  
g r e a t e s t  i m p r o v e m e n t  w a s  o b t a i n e d .  T h e  m e a n  s t r e n g t h  w a s
i m p r o v e d  b y  2 5 0  M P a / c m ^ ,  a n d  t h e  W e i b u l l  m o d u l u s  m o r e  t h a n
d o u b l e d .
I t  w a s  i n i t i a l l y  t h o u g h t  t h a t  t h e  i m p r o v e m e n t s  i n  b o t h  M O R  
a n d  W e i b u l l  m o d u l u s  o b s e r v e d  a t  t h e  1 x  1 0 ^ ^  i o n s / c m ^  d o s a g e  w e r e  
d u e  t o  i m p l a n t  i n d u c e d  r e s i d u a l  c o m p r e s s i v e  s t r e s s e s  r e s t r i c t i n g  
c r a c k  p r o p a g a t i o n  i n  t h e  n e a r  s u r f a c e .  H o w e v e r ,  r e s i d u a l  s t r e s s  
m e a s u r e m e n t s  ( S e c t i o n  6 . 7 . 3 )  i n d i c a t e d  t h a t  t h i s  w a s  n o t  t h e  
c a s e .  T h e  u n t r e a t e d  s u r f a c e  p o s s e s s e d  r e s i d u a l  c o m p r e s s i v e
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s t r e s s e s ,  p r e s u m a b l y  d u e  t o  t h e  i n i t i a l  c o a r s e  g r i n d i n g  p r o c e s s .  
A f t e r  i m p l a n t a t i o n ,  t h e s e  s t r e s s e s  t e n d e d  t o w a r d  z e r o .  I t  h a s  
b e e n  s u g g e s t e d  t h a t  t h i s  r e l a x a t i o n  w a s  d u e  t o  t h e  o n s e t  o f  
s u b - s u r f a c e  a m o r p h i s a t i o n  ( S e c t i o n  6 . 7 . 3 )  a n d  t h a t  t h i s  
s u b s e q u e n t  r e d u c t i o n  i n  t h e  s u r f a c e  r e s i d u a l  s t r e s s  s t a t e  
r e s u l t e d  i n  t h e  o b s e r v e d  i m p r o v e m e n t s  i n  m e c h a n i c a l  p r o p e r t i e s .
6 . 3 . 2 . 3  T h e  s a m p l e s  i m p l a n t e d  a t  d o s e s  b e l o w  8 x  1 0 ^ ^ / c m ^  s h o w e d  
l i t t l e  i m p r o v e m e n t  o n  b a s e l i n e  p r o p e r t i e s .  T h i s  w a s  p r e s u m a b l y  
b e c a u s e  t h e  d o s e  l e v e l  w a s  i n s u f f i c i e n t  t o  s i g n i f i c a n t l y  c h a n g e  
t h e  s u r f a c e  s t r e s s  s t a t e  o r  n e a r  s u r f a c e  d a m a g e  l e v e l s .  S a m p l e s  
t e s t e d  a t  t h e  2 x  1 0 ^ ^ / c m ^  a n d  4 x  1 0 ^ ^ / c m ^  d o s e  l e v e l s  e x h i b i t e d  
l o w e r  s t r e n g t h s  t h a n  t h e  d a t u m  s a m p l e s .  F r a c t o g r a p h y  ( S e c t i o n  
6 . 4 )  r e v e a l e d  t h a t  t h e  l o w e s t  r e s u l t  i n  t h e  2 x  1 0 ^ ^ / c m ^  s a m p l e  
s e t  w a s  n u c l e a t e d  f r o m  a  c h a m f e r  e d g e ,  w h i l s t  t h e  4 x  1 0 ^ ® / c m ^  
s a m p l e  s e t  c o n t a i n e d  t w o  e d g e  n u c l e a t i n g  f a i l u r e s  a n d  t h r e e  c a s e s  
o f  m e t a l l i c  i n c l u s i o n s  c o m p r i s i n g  t h e  f i v e  l o w e s t  r e s u l t s ,  n o  
r e a s o n  c a n  y e t  b e  o f f e r e d  t o  e x p l a i n  w h y  t h e  m a x i m u m  f r a c t u r e  
s t r e n g t h s  o b t a i n e d  w e r e  u p  t o  1 5 0  M P a  b e l o w  t h o s e  o f  t h e  d a t u m .
6 . 3 . 2 . 4  T h e  f r a c t u r e  s t r e n g t h s  o f  s a m p l e s  i m p l a n t e d  a t  t h e  
h i g h e r  d o s e  l e v e l s  ( 2  x  1 0 ^ ^ / c m ^  a n d  5 x  1 0 ^ ^ / c m ^ )  r e d u c e d  i n  
c o m p a r i s o n  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  a t  t h e  " o p t i m u m "  d o s e  
l e v e l  o f  1 X  1 0 ^ ^ / c m ^ .  T h e  s a m p l e s  i m p l a n t e d  a t  5 x  l O ^ ?  / c m ^  
s h o w e d  a  s i g n i f i c a n t  r e d u c t i o n  i n  f r a c t u r e  s t r e n g t h  o v e r  t h e  
d a t u m  c o n d i t i o n ,  a n d  t h i s  w a s  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  
a n  a m o r p h i s e d  s u r f a c e  l a y e r .  F i g u r e s  5 . 4 , 2  a n d  5 . 4 . 3 .  T h i s  i s  
d i s c u s s e d  m o r e  f u l l y  i n  S e c t i o n s  6 . 4  a n d  6 . 5 .
T h e  r e d u c t i o n  i n  b o t h  s t r e n g t h  a n d  W e i b u l l  m o d u l u s  a t  t h e  
5 X  l O ^ ^ / c m ^  d o s e  l e v e l  m a y  h a v e  b e e n  d i r e c t l y  r e l a t e d  t o  t h e  
e x i s t e n c e  o f  t h e  a m o r p h i s e d  l a y e r .  T h i s  l a y e r  w a s  s o f t e r  t h a n  
t h e  b a s e  m a t e r i a l  ( S e c t i o n  6 . 5 )  a n d  f r e q u e n t l y  o b s e r v e d  t o  
d e l a m i n a t e  ( F i g . 5 . 4 . 2 ) .  F u r t h e r m o r e ,  t h e  s u r f a c e s  e x h i b i t e d  a  
h i g h  d e n s i t y  o f  b l i s t e r s ,  a s s u m e d  t o  b e  d u e  t o  g a s e o u s  o u t  
d i f f u s i o n  f r o m  t h e  n e a r  s u r f a c e .  T h i s  e f f e c t  w a s  a l s o  o b s e r v e d  
b y  P a g e  & B u r n e t t  (8 8 ) o n  n i t r o g e n  i o n  i m p l a n t e d  s i l i c a  g l a s s .  
T h e  s a m p l e s  i m p l a n t e d  a t  t h e  h i g h e r  d o s e s  t h u s  a p p e a r  t o  h a v e  
b e e n  d a m a g e d  t o  a  l e v e l  s u f f i c i e n t  t o  c a u s e  a  r e d u c t i o n  i n  
m e c h a n i c a l  p r o p e r t i e s .
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6 . 3 . 3  A N N E A L I N G  T R I A L S  O N  1 0 . 2 A . 2  S R B S N
U n l i k e  S y a l o n  2 0 1 ,  t h e  1 0 . 2 A . 2  S R B S N  m a t e r i a l  d i d  n o t  
p o s s e s s  a  r e c r y s t a l l i s e d  i n t e r g r a n u l a r  o r  " s e c o n d " p h a s e . T h e  
1 0 . 2 A . 2  w a s  a  " h i g h  g l a s s  f r a c t i o n "  m a t e r i a l ,  c o n t a i n i n g  1 4 %  o f  
s i n t e r  a d d i t i v e s  ( 10%  Y g O g ,  2%  A I 2O 3& 2%  € ^ 20^) t h a t  c o m b i n e d  t o  
f o r m  m e t a l  s i l i c a t e  g l a s s e s .  T h e s e  g l a s s e s  h a v e  b e e n  s h o w n  t o  
u n d e r g o  a  r e d u c t i o n  i n  v i s c o s i t y  ( o r  s o f t e n )  a t  t e m p e r a t u r e s  i n  
e x c e s s  o f  1 0 0 0 ° C .  I t  w a s  s h o w n  b y  H e u e r  a n d  N o o n e  ( 8 9 )  t h a t  t h e  
t h e r m a l  a n n e a l i n g  p r o c e s s  c a u s e d  n e a r  s u r f a c e  m a t e r i a l  t r a n s p o r t  
i n  s i n g l e  c r y s t a l  a l u m i n a .  T h e  b e n e f i c i a l  e f f e c t s  o f  t h e r m a l  
a n n e a l i n g  o n  a l u m i n a  h a v e  b e e n  r e p o r t e d  b y  o t h e r  w o r k e r s  ( 9 0 ,  9 1 )  
a n d  a l s o  o n  m a t e r i a l s  s u c h  a s  N C I  3 2  s i l i c o n  n i t r i d e  ( 9 2 ,  9 3 ,  9 6 ) ,  
s o d a  l i m e  g l a s s  ( 9 4 ) ,  s i l i c o n  c a r b i d e  ( 9 5 )  a n d  N i -  Z n  f e r r i t e  
(1 1 2 ).
G r a p h s  4 . 6  a n d  4 . 7  s h o w  t h e  n o m i n a l  a n d  u n i t  a r e a  b a s e d  
f r a c t u r e  s t r e n g t h s  f o r  t h e  f i r s t  b a t c h  o f  1 0 . 2 A . 2  m a t e r i a l  i n  t h e  
a s  r e c e i v e d  a n d  a n n e a l e d  a t  9 0 0 ° C  a n d  1 0 0 0 ° C  c o n d i t i o n s .  T h e  
a n n e a l i n g  t r e a t m e n t  r e s u l t e d  i n  i m p r o v e m e n t s  o f  t h e  f r a c t u r e  
s t r e n g t h s  o f  b e t w e e n  1 0  a n d  1 4 5  M P a .  I n  v i e w  o f  t h e  v a r i a b i l i t y  
o f  t h e  1 0 . 2 A . 2  m a t e r i a l ,  l i t t l e  d i f f e r e n c e  e x i s t e d  b e t w e e n  t h e  
s a m p l e s  t r e a t e d  a t  9 0 0 ° C  a n d  t h o s e  t r e a t e d  a t  1 0 0 0 ° C .  O n  
a v e r a g e ,  i m p r o v e m e n t s  o f  a p p r o x i m a t e l y  10%  -  11%  w e r e  o b s e r v e d  
a f t e r  h e a t  t r e a t m e n t .  W h i l s t  t h e s e  a r e  n o t  a s  g r e a t  a s  t h e  
i m p r o v e m e n t s  o b t a i n e d  b y  D o l e  ( 9 6 )  o n  N C I  3 2  ( + 1 8 % )  f o r  e x a m p l e ,  
t h e  l a r g e  n u m b e r  o f  p o r e s ,  v o i d s  a n d  i n c l u s i o n s  f o u n d  i n  t h e  
1 0 . 2 A . 2  S R B S N  r e d u c e d  t h e  e f f e c t i v e n e s s  o f  t h i s  t r e a t m e n t  b y  
a c t i n g  a s  f r a c t u r e  n u c l e i  o t h e r  t h a n  t h o s e  i n t r o d u c e d  b y  
m a c h i n i n g .  T h i s  e f f e c t  i s  q u i t e  c l e a r l y  s h o w n  o n  G r a p h  4 . 1 0 a ,  
w h e r e  t h e  t o t a l  n u m b e r  o f  s u r f a c e  n u c l e a t i n g  f a i l u r e s  r e d u c e d  
f r o m  3 5 %  f o r  t h e  " a s  r e c e i v e d "  s p e c i m e n s  t o  b e t w e e n  1 4 %  a n d  1 7 %  
f o r  t h e  a n n e a l e d  s p e c i m e n s .
6 . 3 . 4  A N N E A L I N G  T R I A L S  O N  5 %  Y n O ]  S S N
A n a l y s i s  o f  t h e  f r a c t u r e  d a t a  o b t a i n e d  f o r  t h e  s i n t e r  
H I P ’p e d  s i l i c o n  n i t r i d e  c l e a r l y  s h o w  t h a t  s i g n i f i c a n t  
i m p r o v e m e n t s  i n  b o t h  m e a n  a n d  m a x i m u m  s t r e n g t h  c o u l d  b e  o b t a i n e d  
b y  t h e r m a l  a n n e a l i n g  i n  a i r .
171
T h e  d a t u m  s a m p l e s  e x h i b i t e d  a  m e a n  s t r e n g t h  o f  6 9 9  M P a .  
T h i s  w a s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  m e a n  s t r e n g t h  o f  5 0 8  M P a  
f o r  t h e  c o m p a r a b l e  b a t c h  o f  s a m p l e s  t e s t e d  d u r i n g  t h e  s e c o n d  
y e a r .  T h i s  w a s  a t  f i r s t  s u r p r i s i n g  s i n c e  t h e  g r i n d i n g  s c h e d u l e s  
w e r e  t h e  s a m e ,  a n d  t h e  m a c h i n e  o p e r a t o r  h a d  r e p o r t e d  n o  a n o m a l i e s  
d u r i n g  t h e  m a n u f a c t u r i n g  p r o c e s s .  H o w e v e r ,  a s  a  r e s u l t  o f  t h e  
f r a c t o g r a p h i c  e x a m i n a t i o n s  o n  t h e  A u g u s t  1 9 8 8  m a t e r i a l ,  ( S e c t i o n
6 . 4 . 1  a n d  6 . 4 . 2 ) ,  r e f i n e m e n t s  i n  t h e  p o w d e r  p r o c e s s i n g  a n d  
h a n d l i n g  w e r e  i n t r o d u c e d .  F u r t h e r m o r e ,  m o r e  s t r i n g e n t  c o n t r o l s  
w e r e  p l a c e d  o n  t h e  p a r a m e t e r s  u s e d  d u r i n g  t h e  H I P 'p i n g  c y c l e . 
I t  m u s t  b e  a s s u m e d  t h e r e f o r e  t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  
b a t c h e s  w a s  d u e  t o  r e f i n e d  p r o c e s s  c o n t r o l  r a t h e r  t h a n  
d i f f e r e n c e s  i n  t h e  m a c h i n i n g  s c h e d u l e .  T h i s  a s s u m p t i o n  h a s  b e e n  
b o r n e  o u t  b y  s u b s e q u e n t  w o r k  r e p o r t e d  e l s e w h e r e  ( 1 0 5 ) .
T h e  t h e r m a l  a n n e a l i n g  p r o c e s s  a p p e a r e d  t o  b e  t i m e  d e p e n d a n t  
d u r i n g  t h e  f i r s t  2 4  h o u r s  o f  t r e a t m e n t .  D u r i n g  t h i s  p e r i o d ,  
m a t e r i a l  p r o p e r t i e s  i n c r e a s e d  i n  r e l a t i o n  t o  t h e  t i m e  s p e n t  a t  
t e m p e r a t u r e .  A f t e r  2 4  h o u r s ,  p r o p e r t i e s  a p p e a r e d  t o  p e a k  s h o w i n g  
a n  i m p r o v e m e n t  o f  + 2 1 . 5 %  o n  m e a n  M O R  w i t h  n o  d e l e t e r i o u s  e f f e c t  
t o  t h e  W e i b u l l  m o d u l u s .  B e y o n d  t h i s ,  t h e  m a t e r i a l  p r o p e r t i e s  
a p p e a r e d  t o  r e m a i n  r e a s o n a b l y  c o n s t a n t ,  w i t h  t h e  e x c e p t i o n  o f  t h e  
s a m p l e s  t e s t e d  a f t e r  5 0  h o u r s  a t  t e m p e r a t u r e .  E x a m i n a t i o n  o f  t h e  
o x i d i s e d  s u r f a c e s  ( F i g . 5 . 3 . 3 .  e )  i n d i c a t e d  t h a t  t h i s  w a s  d u e  t o  
u n c h a r a c t e r i s t i c a l l y  d e e p  o x i d a t i o n  p i t s  i n  t h e  e x p o s e d  s u r f a c e s .
T h e  m e c h a n i s m s  r e s p o n s i b l e  f o r  t h e  i m p r o v e m e n t s  i n  r u p t u r e  
s t r e n g t h  o b s e r v e d  a p p e a r  t o  b e  a  c o m b i n a t i o n  o f ;
i )  l o c a l i s e d  s u r f a c e / n e a r  s u r f a c e  d i f f u s i o n  o f  t h e
i n t e r g r a n u l a r  p h a s e  w h i c h  m a y  h a v e  p r o m o t e d  n e a r  s u r f a c e  
c r a c k  h e a l i n g ,  ( 6 . 3 . 5 ) .
i i )  a  r e d u c t i o n  i n  t h e  n e a r  s u r f a c e  r e s i d u a l  s t r e s s  s t a t e  
a s s o c i a t e d  w i t h  t h e  m a c h i n e d  s u r f a c e s , ( 6 . 7 . 2 ).
6 . 3 . 5  O X I D I S E D  S U R F A C E S
6 . 3 . 5 . 1  S Y A L O N  2 0 1  P S S N
E x a m i n a t i o n  o f  e x p o s e d  s u r f a c e s  a n n e a l e d  a t  1 0 0 0 ° C  f o r  2 4  
h o u r s  r e v e a l e d  m i n i m a l  d e t e r i o r a t i o n  o r  o x i d e  l a y e r  f o r m a t i o n .
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H o w e v e r ,  s a m p l e s  e x p o s e d  a t  1 4 0 0 ° C  s h o w e d  c o n s i d e r a b l e  
s u r f a c e  d e g r a d a t i o n .  F i g u r e  5 . 3 . 1  s h o w s  t h e  t y p i c a l  s u r f a c e  
o x i d e  f o r m e d  a f t e r  2 4  h o u r s .  F i g u r e  5 . 1 . 1 1  s h o w s  t h e  l o c a t i o n  
o f  a  f r a c t u r e  n u c l e u s  a t  a n  8 5 i i m  d e e p  o x i d a t i o n  p i t  i n  t h e  
s u r f a c e .  T h e  t r a n s i t i o n  t o  a  f a i l u r e  m o d e  d o m i n a t e d  b y  o x i d a t i o n  
d e f e c t s  r a t h e r  t h a n  m a c h i n i n g  d a m a g e  w a s  a l s o  o b s e r v e d  o n  N C  1 3 2  
b y  W i e d e r h o r n  a n d  F u l l e r  ( 1 1 0 )  i n  t h e i r  r e v i e w  o f  f a c t o r s  
a f f e c t i n g  t h e  s t r u c t u r a l  r e l i a b i l i t y  o f  c e r a m i c s .
6 . 3 . 5 . 2  1 0 . 2 A . 2 S R B S N
W h i l s t  t h e  S R B S N  m a t e r i a l  w a s  p r i m a r i l y  u s e d  t o  d e v e l o p  
t e c h n i q u e s  p r i o r  t o  t h e  a c q u i s i t i o n  o f  s u f f i c i e n t  s i n t e r  H I P ' p e d  
m a t e r i a l ,  m i c r o g r a p h s  o f  s u r f a c e s  o x i d i s e d  a t  9 0 0 ° C  a n d  1 0 0 0 ° C  
h a v e  b e e n  i n c l u d e d  s i n c e  t h e y  s h o w  t h e  n a t u r e  o f  t h e  o x i d a t i o n  
r e a c t i o n  i n  t h i s  c l a s s  o f  m a t e r i a l s  p a r t i c u l a r l y  w e l l .
F i g u r e s  5 . 3 . 2  a  a n d  b  c l e a r l y  s h o w  t h a t  t h e  f o r m a t i o n  o f  
o x i d e  p r o d u c t s  o c c u r r e d  m a i n l y  w i t h i n  t h e  g l a s s y  g r a i n  b o u n d a r y  
p h a s e .  I t  i s  a s s u m e d  t h a t  t h i s  w a s  d u e  t o  a n  o u t  d i f f u s i o n  o f  
t h e  i n t e r g r a n u l a r  m e t a l  o x i d e s  i n t o  t h e  s u r f a c e  s i l i c a  l a y e r ,  
d i s c u s s e d  f u l l y  i n  S e c t i o n  6 . 3 , 5 . 3 .  T h e  v i s c o u s  f l o w  o f  t h e  
s e c o n d  p h a s e  w o u l d  p r e s u m a b l y  p r o m o t e  h e a l i n g  o f  s u r f a c e - n e a r  
s u r f a c e  c r a c k s ,  b u t  t h e  l a r g e  n u m b e r  o f  p r o c e s s  i n d u c e d  d e f e c t s  
w i t h i n  t h e  m a t e r i a l  ( e . g .  1 0 0 p m  v o i d s ,  F i g .  5 . 1 . 6 )  l i m i t e d  t h e
e f f i c i e n c y  o f  t h e r m a l  a n n e a l i n g  a s  a  p a l l i a t i v e  t r e a t m e n t .
6 . 3 . 5 . 3  5 % Y 2 0 3  S S N  H I P
T y p i c a l  o x i d a t i o n  p r o d u c t s  f o r m e d  o n  t h e  s u r f a c e  o f  t h e  
s i n t e r  H I P ' p e d  m a t e r i a l  a r e  s h o w n  i n  F i g u r e  5 . 1 . 1 2  a ,  F i g u r e s
5 . 3 . 3  a  t o  f , a n d  F i g u r e s  1 0 . 4 . 1  a n d  1 0 . 4 . 2 ,  A p p e n d i x  4.
F i g u r e  5 . 1 . 1 2  s h o w s  a  s u r f a c e  a r t e f a c t  a n d  s u b s e q u e n t  
f r a c t u r e  n u c l e u s  f r o m  t h i s  a r t e f a c t  o n  a  s a m p l e  a n n e a l e d  a t  
1 4 0 0 ° C  f o r  1 0 0  h o u r s .  T h e  a r t e f a c t  c o n s i s t e d  o f  a  n e a r  c i r c u l a r  
r e g i o n  o f  a p p a r e n t l y  " g l a s s y "  m a t e r i a l  a p p r o x i m a t e l y  1 4 0 p m  i n  
d i a m e t e r ,  s u r r o u n d e d  b y  r e c t a n g u l a r  c r y s t a l l i t e s  u p  t o  200p m  i n
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l e n g t h ,  c o n c e n t r a t e d  i n  a  r e g i o n  o f  b e t w e e n  6 5 0  - 7 0 0 p m  i n
d i a m e t e r .  L o c a l i s e d  a r e a s  s i m i l a r  i n  m o r p h o l o g y  t o  t h i s  d e f e c t  
w e r e  o b s e r v e d  o n  a l l  o f  t h e  a n n e a l e d  s a m p l e s ,  a n d  t h i s  e f f e c t  
a p p e a r e d  t o  b e  t y p i c a l  o f  t h i s  m a t e r i a l  w h e n  o x i d i s e d  a t  1 4 0 0 ° C .
A s  s h o w n  i n  F i g u r e  5 . 1 . 1 2  b ,  t h i s  a r t e f a c t  s u b s e q u e n t l y  
c a u s e d  f a i l u r e  o f  t h e  s p e c i m e n .  T h e  o x i d e  l a y e r  a p p e a r e d  t o  h a v e  
p e n e t r a t e d  t h e  m a c h i n e d  s u r f a c e  t o  a  d e p t h  o f  a p p r o x i m a t e l y  5 p m  
a n d  t h e  f r a c t u r e  n u c l e a t e d  f r o m  t h e  o x i d e  l a y e r - b u l k  m a t e r i a l  
i n t e r f a c e  a t  a  s t r e s s  o f  9 4 4  M P a  ( F i g u r e  5 . 1 . 1 2  b ) .
W h i l s t  t h i s  m a y  a t  f i r s t  s e e m  t o  b e  u n d e s i r a b l e  b e h a v i o u r ,  
i t  s h o u l d  b e  n o t e d  t h a t  t h e  f r a c t u r e  s t r e s s  o f  9 4 4  M P a  i s  s o m e  
1 4 0  M P a  h i g h e r  t h a n  t h e  m a x i m u m  s t r e n g t h  o b t a i n e d  f r o m  t h e  d a t u m  
( u n - a n n e a l e d )  s a m p l e s .  I t  w o u l d  a p p e a r  t h e r e f o r e ,  t h a t  w h i l s t  
t h e  o x i d a t i o n  r e a c t i o n  i s  c a p a b l e  o f  p r o d u c i n g  s t r e n g t h  l i m i t i n g  
d e f e c t s ,  t h e s e  d e f e c t s  a r e  n o t  n e c e s s a r i l y  o f  a  m o r e  c r i t i c a l  
n a t u r e  t h a n  t h o s e  o r i g i n a l l y  i n t r o d u c e d  b y  c o a r s e  m a c h i n i n g .
F i g u r e s  5 . 3 . 1  a  t o  f, s h o w  t h e  t y p i c a l  a p p e a r a n c e  o f  t h e  
m a c h i n e d  s u r f a c e  a f t e r  p r o g r e s s i v e l y  l o n g e r  a n n e a l i n g  t i m e s .  I n  
a l l  c a s e s  t h e  g r i n d i n g  m a r k s  f r o m  t h e  o r i g i n a l  s u r f a c e  r e m a i n e d  
v i s i b l e ,  i n d i c a t i n g  t h a t  t h e  o x i d e  l a y e r  f o r m e d  e v e n  a t  100 h o u r s  
w a s  r e l a t i v e l y  t h i n .  T h e  g e n e r a l  t r e n d  i n  t h e s e  f i g u r e s  i s  a  
c o a r s e n i n g  a n d  i n c r e a s e  i n  s i z e  o f  t h e  c r y s t a l l i t e s  f o r m e d  a t  t h e  
s u r f a c e ,  i n d i c a t i n g  t h e  t i m e  d e p e n d e n c e  o f  t h i s  r e a c t i o n .
F i g u r e  5 . 3 . 3  e  a l s o  s h o w s  t h e  u n c h a r a c t e r i s t i c a l l y  d e e p  
p i t t i n g  o b s e r v e d  p r e d o m i n a n t l y  o n  t h e  s a m p l e s  a n n e a l e d  f o r  5 0  
h o u r s  a t  1 4 0 0 ° C .  T h e s e  t o o k  t h e  f o r m  o f  n e a r  c i r c u l a r  
d e p r e s s i o n s  u p  t o  3 0 0 p m  i n  d i a m e t e r  a n d  u p  t o  4 0 - 5 0 p m  i n  d e p t h .  
I t  i s  s u g g e s t e d  t h a t  t h e s e  " p i t s "  m a y  h a v e  b e e n  r e s p o n s i b l e  f o r  
t h e  l o w e r  r e s u l t s  o b t a i n e d  o n  t h e  s a m p l e s  a n n e a l e d  a t  5 0  h o u r s .  
N o  e x p l a n a t i o n  c a n  y e t  b e  o f f e r e d  a s  t o  w h y  t h i s  e f f e c t  w a s  o n l y  
o b s e r v e d  o n  t h e  s a m p l e s  a n n e a l e d  f o r  5 0  h o u r s .
I n  o r d e r  t o  d e t e r m i n e  t h e  t h i c k n e s s  o f  t h e  o x i d e  l a y e r  
p r o d u c e d  o n  t h e  s i n t e r  H I P ' p e d  m a t e r i a l ,  s a m p l e s  f r o m  e a c h  b a t c h  
o f  t e s t  p i e c e s  w e r e  m o u n t e d  i n  B a k e l i t e  a n d  p o l i s h e d  t o  p r o d u c e  
c r o s s  s e c t i o n s  s u i t a b l e  f o r  m e a s u r e m e n t  i n  t h e  S E M .  G r a p h  1 0 . 4 . 1  
s h o w s  t h e  m e a s u r e d  o x i d e  l a y e r  t h i c k n e s s  w i t h  r e s p e c t  t o
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a n n e a l i n g  t i m e .  F i g u r e  1 0 . 4 . 1  s h o w s  t h e  t y p i c a l  o x i d e  l a y e r  
t h i c k n e s s  ( =  1 . 3 p m )  a n d  a  l o c a l i s e d  a r e a  o f  d e e p e r  p e n e t r a t i o n  
3 . 5 p m )  o n  a  s a m p l e  a n n e a l e d  f o r  2 4  h o u r s  a t  1 4 0 0 ° C .
I n  g e n e r a l ,  t h e  m a t e r i a l  a p p e a r s  t o  p o s s e s s  e x c e l l e n t  
o x i d a t i o n  r e s i s t a n c e  a t  1 4 0 0 ° C  w i t h  a n  o x i d e  l a y e r  g r o w t h  o f  
b e t w e e n  2 t o  6p m  a f t e r  1 0 0  h o u r s  e x p o s u r e .  T h i s  i s  c o n s i s t e n t  
w i t h  t h e  f i n d i n g s  o f  o t h e r  w o r k e r s  ( 3 0 , 3 1 , 1 0 3 )  w h o  m e a s u r e d  
s i m i l a r  o x i d e  l a y e r  t h i c k n e s s e s  o n  s a m p l e s  t r e a t e d  a t  1 3 5 0 ,  1 4 0 0  
a n d  1 4 5 0 ° C .
I n  o r d e r  t o  d e t e r m i n e  t h e  c o m p o s i t i o n  o f  t h e  o x i d i s e d  l a y e r ,  
m i c r o p r o b e  a n a l y s i s  w a s  p e r f o r m e d  o n  t h e  e x p o s e d  s u r f a c e  o f  a  
s a m p l e  o x i d i s e d  f o r  1 0 0  h o u r s  a t  1 4 0 0 ° C ,  F i g u r e s  1 0 . 4 , 2  a n d
1 0 . 4 . 3  a  a n d  b  ( A p p e n d i x  4 ) .  T h e  a n a l y s i s  s h o w e d  t h a t  t h e  
c r y s t a l l i t e s  f o r m e d  w e r e  c o m p o s e d  m a i n l y  o f  y t t r i u m  a n d  s i l i c o n  
( F i g .  1 0 . 4 . 3 a ) ,  w h i l s t  t h e  b a c k g r o u n d  c o m p o s i t i o n  w a s  
p r e d o m i n a n t l y  s i l i c o n .  I t  i s  s u g g e s t e d  t h a t  t h e  c r y s t a l l i t e s  
w e r e  y t t r i u m  d i s i l i c a t e  ( Y ^ S i g O ? ) ,  w h i l s t  t h e  b u l k  o f  t h e  o x i d e  
l a y e r  w a s  r e - c r y s t a l l i s e d  s i l i c a ,  c r y s t o b a l l i t e  ( 1 0 9 ) .  A  
m e c h a n i s m  f o r  t h e  d e v e l o p m e n t  o f  s u c h  a n  o x i d e  l a y e r  h a s  b e e n  
p r o p o s e d  b y  P l u c k n e t t  ( 1 0 3 )  a n d  T u e r s l e y  ( 3 0 )  w h e r e  o u t  d i f f u s i o n  
o f  y t t r i a  ( f r o m  t h e  y t t r i u m  d i s i l i c a t e  i n t e r g r a n u l a r  p h a s e )  i n t o  
t h e  s u r f a c e  s i l i c a  l a y e r  r e s u l t e d  i n  a  m o d i f i c a t i o n  o f  t h e  
v i s c o s i t y  o f  t h e  s i l i c a .  T h e  r e d u c e d  v i s c o s i t y  o f  t h e  s i l i c a  
a l l o w e d  i n - d i f f u s i o n  o f  a t m o s p h e r i c  o x y g e n  t o  f o r m  m o r e  s i l i c a  
o n  t h e  s u r f a c e  o f  t h e  s i l i c o n  n i t r i d e  g r a i n s ,  w h i l s t  t h e  o u t  
d i f f u s e d  y t t r i a  c o m b i n e d  w i t h  s u r f a c e  s i l i c a  t o  f o r m  y t t r i u m  
d i s i l i c a t e .  T h i s  m e c h a n i s m  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g u r e
6 . 3 . 1 .
F i g u r e  1 0 . 4 . 4  a  s h o w s  a  c r o s s  s e c t i o n  t h r o u g h  t h e  o x i d i s e d  
s u r f a c e  l a y e r  o f  a  s a m p l e  a n n e a l e d  f o r  1 0 0  h o u r s  w h i l s t  F i g u r e
1 0 . 4 . 4  b  s h o w s  t h e  E D S  l i n e s c a n  a c r o s s  t h e  s u r f a c e - n e a r  s u r f a c e  
r e g i o n .  T h i s  c l e a r l y  s h o w s  t h e  d e p l e t i o n  o f  y t t r i a  w i t h i n  1 2 p m  
o f  t h e  s u r f a c e  a n d  s u p p o r t s  t h e  m o d e l  o f  o x i d a t i o n  v i a  o u t  
d i f f u s i o n  o f  t h e  y t t r i a .
T h i s  n e a r  s u r f a c e  d i f f u s i o n  o f  g r a i n  b o u n d a r y  m a t e r i a l  i s  
t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  i m p r o v e m e n t s  i n  M O R  o b s e r v e d  
v i a  a  p r o c e s s  o f  s t r e s s  r e l i e f  a n d  n e a r  s u r f a c e  c r a c k  h e a l i n g .
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Figure 6.3.1. Oxidation mechanism for sinter H iP’ped sliicon nitride.
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6.4 FRACTOGRAPHY
D e s c r i p t i o n s  o f  t h e  t y p e  o f  d e f e c t  f o u n d  t o  o c c u r  a t  f r a c t u r e  
n u c l e i  h a v e  b e e n  i n c l u d e d  i n  C h a p t e r  5. H o w e v e r ,  t h e s e  m a y  b e  
b r o a d l y  c l a s s i f i e d  a s  f o l l o w s ;
6 . 4 . 1  A g g l o m e r a t e s  c o m p r i s i n g  t h e  m e t a l  o x i d e  s i n t e r  a d d i t i v e s  
u s e d  t o  a i d  d e n s i f i c a t i o n .  T h e s e  t y p i c a l l y  f o r m e d  d e f e c t s  i n  t h e  
r a n g e  1 0  t o  5 0 p m ,  b u t  d e f e c t s  o f  u p  t o  1 0 0 p m  w e r e  o b s e r v e d .  
T h e s e  w e r e  a s s u m e d  t o  b e  o f  v a r i o u s  m e t a l - s i l i c i d e  c o m p o s i t i o n s ,  
a n d  w h e n  o b s e r v e d  o n  f r a c t u r e  s u r f a c e s ,  o f t e n  o c c u r r e d  a t  t h e  
f r a c t u r e  n u c l e u s  ( e . g .  F i g s .  5 . 1 . 3  &  4 ) .  T h e  o c c u r r e n c e  o f  
t h e s e  a g g l o m e r a t e s  w a s  p r e s u m a b l y  d u e  t o  i n c o m p l e t e  p o w d e r  m i x i n g  
a n d  m i l l i n g .  T h i s  i s  s u p p o r t e d  b y  f u r t h e r  e v i d e n c e  s h o w n  i n
F i g u r e  5 . 1 . 7 .  H e r e ,  a r e a s  d e n u d e d  o f  t h e  s e c o n d  p h a s e  a d d i t i v e s
f a i l e d  t o  f u l l y  d e n s i f y  a n d  f o r m e d  p o r e s  a n d  a r e a s  o f  d e n s i t y  
i n h o m o g e n e i t y .  A g a i n ,  t h e s e  o c c u r r e d  a t  f r a c t u r e  n u c l e i .
6 . 4 . 2 .  T h e  o t h e r  a r t e f a c t s  c o m m o n l y  f o u n d  a t  f r a c t u r e  n u c l e i  
w e r e  a l s o  c o m p o s e d  o f  m e t a l l i c  i n c l u s i o n s .  H o w e v e r ,  t h e  s e c o n d  
g r o u p  m a y  b e  c l a s s i f i e d  a s  c o n t a m i n a n t s ,  s i n c e  t h e y  w e r e  c o m p o s e d  
o f  i m p u r i t y  e l e m e n t s  o u t s i d e  t h e  n o m i n a l  c o m p o s i t i o n  o f  t h e  
m a t e r i a l .  F i g u r e  5 . 1 . 3  s h o w s  a  n i c k e l - c h r o m e  i n c l u s i o n  o n  S y a l o n  
2 0 1  a n d  F i g u r e s  5 . 1 . 8  a n d  5 . 1 . 1 0  r e s p e c t i v e l y  s h o w  a l u m i n i u m  a n d  
t i n  i n  t h e  5 %  Y 2O 3 S S N  m a t e r i a l .  T h e  a r t e f a c t  i n  t h e  S y a l o n  2 0 1  
w a s  s u b s e q u e n t l y  t r a c e d  t o  a b r a s i o n  o f  t h e  s t a i n l e s s  s t e e l  b a l l s  
u s e d  d u r i n g  t h e  b a l l  m i l l i n g  p r o c e d u r e .  M i l l i n g  m e d i a  w e r e  
s u b s e q u e n t l y  c h a n g e d  t o  s i n t e r e d  s i l i c o n  n i t r i d e  b a l l s .  T h e  
d e f e c t s  i n  t h e  5 %  Y 2O 3 S S N  m a t e r i a l  o c c u r r e d  d u r i n g  t h e  p o w d e r  
s i e v i n g  s t a g e  r a t h e r  t h a n  t h e  b a l l  m i l l i n g  p r o c e s s .  T h e  a l u m i n a  
i n c l u s i o n  w a s  t h o u g h t  t o  b e  d u e  t o  c r o s s  c o n t a m i n a t i o n  f r o m  a  
s i e v e  p r e v i o u s l y  u s e d  f o r  a  b a t c h  o f  1 0 . 2 A . 2  S R B S N .  T h i s  
i n s t i g a t e d  m o r e  s c r u p u l o u s  c l e a n i n g  p r o c e d u r e s ,  a n d  m i x i n g  a n d  
s i e v i n g  a p p a r a t u s  w e r e  s u b s e q u e n t l y  u s e d  o n  a  d e d i c a t e d  b a s i s ,  
i . e .  f o r  t h e  s i n t e r  H I P ' p e d  m a t e r i a l  a l o n e .  T h e  t i n  i n c l u s i o n  
w a s  a g a i n  t r a c e d  t o  a  s i e v e  u s e d  d u r i n g  t h e  p o w d e r  r e f i n i n g  
p r o c e s s .  I n  t h i s  c a s e ,  t h e  u s u a l  n y l o n  s i e v e  e l e m e n t  h a d  b e e n  
r e p l a c e d  w i t h  a  b r a z e d  s t a i n l e s s  s t e e l  e l e m e n t .  I r o n  a n d  
c o p p e r / t i n  i n c l u s i o n s  t h u s  o c c u r r e d  d u e  t o  a b r a s i o n  o f  t h e  m e s h  
a n d  b r a z e .
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I r o n  i n c l u s i o n s  w e r e  f o u n d  i n  a l l  o f  t h e  m a t e r i a l s  t e s t e d  
d u r i n g  t h e  c o u r s e  o f  t h i s  w o r k  a n d  c o n s t i t u t e d  t h e  m o s t  c o m m o n l y  
o c c u r r i n g  c o n t a m i n a n t  ( e . g .  F i g u r e  5 . 1 . 4  S y a l o n  2 0 1  F i g u r e  5 . 1 . 5  
1 0 . 2 A . 2  S R B S N ,  F i g u r e  5 . 1 . 9  5 %  Y 2O 3 S S N ) .  I r o n  h a s  o f t e n  b e e n  
o b s e r v e d  a s  a n  e l e m e n t a l  t r a c e  i m p u r i t y  i n  s i l i c o n  n i t r i d e  
( 2 6 , 2 8 )  a n d  i s  e v e n  p r e s e n t  i n  t h e  h i g h  q u a l i t y  U B E  S N E 1 0  p o w d e r  
u s e d  t o  f o r m  t h e  5 %  Y 2O 3 S i n t e r  H I P ' p e d  m a t e r i a l .  C o n c e n t r a t i o n s  
i n  t h e  o r d e r  o f  5 0  -  1 0 0  p p m  ( 3 3 )  a r e  q u o t e d  a n d  y e t  2 f r a c t u r e s  
f r o m  120 p e r f o r m e d  d u r i n g  t h e  s e c o n d  y e a r  w o r k  w e r e  o b s e r v e d  t o  
n u c l e a t e  f r o m  i r o n  r i c h  d e f e c t s .  T h u s ,  c l o s e r  c o n t r o l  o f  
p r o c e s s i n g  p a r a m e t e r s  d u r i n g  m a t e r i a l  m a n u f a c t u r e  i s  r e q u i r e d  
b e f o r e  t h e  e f f e c t s  o f  p r o c e s s e s  s u c h  a s  m a c h i n i n g  a n d  s u r f a c e  
t r e a t m e n t  c a n  b e  f u l l y  a n d  a c c u r a t e l y  a s s e s s e d .
6.5 DIAMOND INDENTATION RESULTS
D i a m o n d  i n d e n t a t i o n  t e c h n i q u e s  w e r e  u s e d  i n  o r d e r  t o  
d e t e r m i n e  t h e  m i c r o h a r d n e s s  o f  t h e  m a t e r i a l s  u n d e r  e x a m i n a t i o n ,  
a n d  a l s o  t o  i n d u c e  i n d e n t a t i o n  f r a c t u r e  a s  a  m e a n s  o f  m e a s u r i n g  
t h e  m a t e r i a l s  f r a c t u r e  t o u g h n e s s .  T h e  m i c r o h a r d n e s s  r e s u l t s  a r e  
d i s c u s s e d  i n  S e c t i o n  6 . 5 . 1  a n d  t h e  i n d e n t a t i o n  f r a c t u r e  w o r k  i n  
S e c t i o n  6 . 5 . 2 .
6 . 5 . 1  M I C R O H A R D N E S S  T E S T I N G
6 . 5 . 1  .1 C o m p a r a t i v e  M i c r o h a r d n e s s  S u r v e y  o f  5 %  Y o O ]  S S N  H I P
a n d  1 0 . 2 A . 2  S R B S N
I t  c a n  b e  s e e n  f r o m  G r a p h  4 . 1 8  t h a t  t h e r e  i s  a  l o s s  o f  t h e  
i n d e n t a t i o n  s i z e  e f f e c t  f o r  b o t h  m a t e r i a l s  a b o v e  2 k g  l o a d s .  T h e  
5 %  Y 2O 3 S S N  e x h i b i t s  a  K n o o p  h a r d n e s s  o f  1 5 2 0  K H N  a n d  t h e  1 0 . 2 A . 2  
S R B S N  a  K n o o p  h a r d n e s s  o f  1 2 8 0  K H N .
I t  i s  a l s o  e v i d e n t  f r o m  G r a p h  4 . 1 8  t h a t  t h e  s c a t t e r  i n  t h e  
r e s u l t s  i n c r e a s e d  a s  t h e  l o a d  d e c r e a s e d .  T h i s  m a y  h a v e  b e e n  d u e  
t o  s e v e r a l  e f f e c t s .  F i r s t l y ,  t h e  c a l c u l a t i o n  o f  t h e  K n o o p  ( o r
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V i c k e r s )  h a r d n e s s  t a k e s  n o  a c c o u n t  o f  r e l a x a t i o n  o f  t h e  
i n d e n t a t i o n  a f t e r  t e s t i n g .  T h i s  a p p e a r s  a s  b a r r e l l i n g  o f  t h e  
s t r a i g h t  e d g e s  o f  t h e  i n d e n t a t i o n ,  F i g u r e  5 . 2 . 8 .  F u r t h e r m o r e ,  
e n e r g y  m a y  b e  a b s o r b e d  i n  c r a c k i n g  t h e  s u b s t r a t e  m a t e r i a l  r a t h e r  
t h a n  c a u s i n g  d e f o r m a t i o n  a r o u n d  t h e  d i a m o n d  i n d e n t e r .  C r a c k i n g  
a r o u n d  t h e  s h o r t  d i a g o n a l  w a s  n o t e d  a t  l o a d s  a s  l o w  a s  100g .  
T h i s  w a s  o b s e r v e d  t o  r e s u l t  i n  i n t e r g r a n u l a r  c r a c k i n g  a n d  g r a i n  
p l u c k o u t  f i g u r e s  5 . 2 . 6  a n d  5 . 2 . 7 .
T h e  e f f e c t s  o f  t h e  i n d e n t e r  g e o m e t r y  b e c a m e  m o r e  c r i t i c a l  
a t  l o w e r  l o a d s .  T h e  d i a m o n d  i n d e n t e r  w a s  a s s u m e d  t o  b e  p e r f e c t l y  
s h a r p .  H o w e v e r ,  a  t i p  r a d i u s  o f  a p p r o x i m a t e l y  1 p m  e x i s t e d ,  a n d  
a t  l o w  l o a d s  t h i s  w o u l d  p l a y  a n  i n c r e a s i n g  r o l e  i n  t h e  
d e f o r m a t i o n  o f  t h e  m a t e r i a l  u n d e r  t e s t . T h i s  w a s  c o m p o u n d e d  b y  
t h e  f a c t  t h a t  t h e  s m a l l e r  i n d e n t a t i o n s  w e r e  h a r d e r  t o  m e a s u r e  
t h a n  t h o s e  o b t a i n e d  a t  h i g h e r  l o a d s .  F u r t h e r m o r e ,  s m a l l e r  
i n d e n t a t i o n s  a r e  s u s c e p t i b l e  t o  l o c a l  v a r i a t i o n s  i n  m o r p h o l o g y ,  
l o c a l  i n h o m o g e n e i t i e s ,  a g g l o m e r a t e  p a r t i c l e s  a n d  v a r i a t i o n s  i n  
t h e  a m o u n t  o f  s e c o n d  p h a s e  m a t e r i a l  s a m p l e d .  T h e s e  f a c t o r s  
c o n t r i b u t e d  t o  t h e  v a r i a t i o n s  i n  t h e  h a r d n e s s  v a l u e s  o b t a i n e d .  
I t  i s  a l s o  p o s s i b l e  t h a t  t h e  e f f e c t s  o f  m a c h i n e  ( k n i f e  e d g e )  
f r i c t i o n  a r e  e x a c e r b a t e d  a t  t h e  l o w e r  l o a d s .
D e s p i t e  t h e  s c a t t e r  o f  t h e  r e s u l t s  o b t a i n e d ,  G r a p h  4 . 1 8  
q u i t e  c l e a r l y  s h o w s  t h a t  t h e  5 %  Y 2O 3 S S N  H I P  i s  c o n s i s t e n t l y  
h a r d e r  t h a n  t h e  h i g h  g l a s s  f r a c t i o n  1 0 . 2 A . 2  m a t e r i a l .  T h e r e  i s  
a  d i f f e r e n c e  o f  a b o u t  2 5 0  K H N  a t  l o a d s  f r o m  3 . 0 k g  t o  1 . 0 k g  a n d  
t h i s  b e c o m e s  g r e a t e r  a t  l o a d s  o f  0 . 5 k g  o r  l o w e r ,  w h e r e  
d i f f e r e n c e s  o f  b e t w e e n  4 0 0  a n d  1 0 0 0  K H N  w e r e  m e a s u r e d .
I t  i s  s u g g e s t e d  t h a t  t h e  d i f f e r e n c e  i n  b u l k  h a r d n e s s  a t  t h e  
h i g h e r  l o a d s  i s  d u e  t o  t h e  d i f f e r e n c e  i n  t h e  a m o u n t  o f  
i n t e r g r a n u l a r  p h a s e  p r e s e n t  i n  t h e  m a t e r i a l s  a n d  t h e  a m o u n t  o f  
r e s i d u a l  p o r o s i t y  p r e s e n t  i n  t h e  1 0 . 2 A . 2 .  T h e  1 0 . 2 A . 2  h a s  s o m e  
1 4 %  o f  s i n t e r  a d d i t i v e s  a n d  t h i s  g i v e s  r i s e  t o  a  h i g h  r e s i d u a l  
g l a s s  c o n t e n t .  T h e  m a t e r i a l  a l s o  p o s s e s s e s  a p p r o x i m a t e l y  2 %  
r e s i d u a l  p o r o s i t y  ( e . g .  F i g s .  5 . 1 . 6  a n d  5 . 1 . 7 )  w h i c h  m a y  
u n d e r g o  l o c a l i s e d  c o m p a c t i o n  d u r i n g  h a r d n e s s  t e s t i n g .  T h e  s i n t e r  
H I P ' p e d  m a t e r i a l  h o w e v e r ,  w a s  p r o c e s s e d  t o  a l m o s t  f u l l  
t h e o r e t i c a l  d e n s i t y  a n d  h a s  a  f i n e l y  d i s p e r s e d  s e c o n d  p h a s e  
c o n s t i t u t i n g  o n l y  5 %  o f  t h e  o v e r a l l  c o m p o s i t i o n .  M e a s u r e m e n t s
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m a d e  o n  t h i s  m a t e r i a l  w o u l d  t h u s  b e  m o r e  r e p r e s e n t a t i v e  o f  t h e  
p r o p e r t i e s  o f  " b u l k "  s i l i c o n  n i t r i d e .
T h e  1 0 . 2 A . 2  h i g h  g l a s s  f r a c t i o n  m a t e r i a l  a l s o  c o n t a i n s  2 %  
C r ^ O g  w h i c h  f o r m s  c h r o m i u m  s i l i c i d e  w i t h i n  t h e  b u l k  m a t e r i a l .  
T h i s  i s  e v i d e n t  a s  h i g h l y  r e f l e c t i v e  b r i g h t  s p o t s  o f  b e t w e e n  2 
a n d  4 0 p m  i n  d i a m e t e r .  D i s c u s s i o n s  w i t h  T u r n e r  &  N e w a l l  
T e c h n o l o g i e s  i n d i c a t e d  t h a t  t h e  C h r o m e  S i l i c i d e  " a g g l o m e r a t e s "  
w e r e  n o t  t h o u g h t  t o  a f f e c t  t h e  s t r e n g t h  o f  t h e  m a t e r i a l  o r  a c t  
a s  n u c l e i  f o r  c r a c k  i n i t i a t i o n ,  u n l i k e  t h e  i r o n  s i l i c i d e  
a g g l o m e r a t e s  f o u n d  i n  S y a l o n  2 0 1  . H o w e v e r ,  w h i l s t  a t t e m p t i n g  t o  
p l a c e  a n  i n d e n t a t i o n  a c r o s s  a  c h r o m e  s i l i c i d e  p a r t i c l e ,  t h e  
a g g l o m e r a t e  w a s  o b s e r v e d  t o  " p o p "  o u t  o f  t h e  s u r f a c e .  T h i s  w o u l d  
t e n d  t o  s u g g e s t  t h a t  t h e  C h r o m e  s i l i c i d e  a g g l o m e r a t e s  a r e  l e s s  
w e l l  b o n d e d  t h a n  t h e  b u l k  p s i g N ^ / g l a s s  p h a s e .  I n d e n t a t i o n s  
p l a c e d  i n  C h r o m e  S i l i c i d e  p a r t i c l e s  i n d i c a t e d  t h e y  w e r e  s o f t e r  
t h a n  t h e  b u l k  b y  7 0 %  a t  5 0 g  l o a d .  T h i s  a l s o  a d d e d  t o  t h e  s c a t t e r  
o f  r e s u l t s .
6 . 5 . 1 . 2  1 0  G r a m m e  K n o o p  H a r d n e s s  S u r v e y  o f  9 0  K e V  N i t r o g e n
I o n  I m p l a n t e d  S v a l o n  2 0 1
D i a m o n d  i n d e n t a t i o n  s t u d i e s  s h o w e d  t h a t  t h e  h a r d n e s s  
o f  S y a l o n  2 0 1  w a s  d i r e c t l y  r e l a t e d  t o  t h e  I o n  d o s e  r e c e i v e d .  T h e  
h a r d n e s s  i n i t i a l l y  i n c r e a s e d ,  a n d  p e a k e d  a t  a  d o s e  o f  6x 10 ^ ^ / c m ^ .  
A t  d o s e s  i n  e x c e s s  o f  1 x 1  O ^ ^ / c m ^ , s o f t e n i n g  w a s  o b s e r v e d ,  a n d  a t  
t h e  5 x 1 0 ^ ^ / c m ^  d o s e  t h e  a m o r p h i s e d  l a y e r  e x h i b i t e d  a p p r o x i m a t e l y  
h a l f  o f  t h e  h a r d n e s s  o f  t h e  i m p l a n t e d  m a t e r i a l .
T h i s  p h e n o m e n a  h a s  b e e n  o b s e r v e d  o n  b o t h  s i l i c o n  a n d  
s a p p h i r e  ( 8 3  8 7 )  b y  P a g e  &  B u r n e t t ,  a n d  o n  S y a l o n  1 0 1 ,  2 0 1  a n d  
t h e  T & N  5 %  Y 2O 3 m a t e r i a l  b y  W h i t m o r e  ( 9 7 ) .  P a g e  & B u r n e t t  
p r o p o s e d  a  m e c h a n i s m  t h a t  d i v i d e d  t h e  s u r f a c e  i n t o  t h r e e  d i s t i n c t  
r e g i o n s ,  F i g u r e  6 . 5 . 1 .
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Figure 6.5.1 (84). Variation of surface hardness with ion dose. 
(After Page & Burnett)
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R e g i o n  I H a r d n e s s  i n c r e a s e s  m o n o t o n i c a l l y  d u e  t o  f o r m a t i o n  o f  
a n  i n c r e a s i n g l y  d a m a g e d  l a y e r .  I t  w a s  p r o p o s e d  t h a t  w i t h i n  t h i s  
l a y e r ,  d i s l o c a t i o n  m o t i o n  w a s  h i n d e r e d ,  t h u s  s t r e n g t h e n i n g  t h e  
s u r f a c e .
R e g i o n  I I  A t  a  m a t e r i a l  d e p e n d e n t  c r i t i c a l  d a m a g e  l e v e l ,  t h e  
d e f e c t  c o n c e n t r a t i o n  i s  s u f f i c i e n t l y  h i g h  t o  r e n d e r  t h e  m a t e r i a l  
a m o r p h o u s .  T h i s  f i r s t  o c c u r s  a t  t h e  p e a k  o f  t h e  G a u s s i a n  
d i s t r i b u t i o n ,  i . e .  s u b - s u r f a c e .  A s  d o s e s  a r e  i n c r e a s e d ,  t h e  
a m o r p h o u s  l a y e r  e x p a n d s  a n d  m o v e s  b o t h  t o w a r d  t h e  s u r f a c e  a n d  
f u r t h e r  i n t o  t h e  s u b s t r a t e  m a t e r i a l .  T h e  g r o w t h  o f  t h i s  s u b ­
s u r f a c e  a m o r p h o u s  l a y e r  r e s u l t s  i n  t h e  d e c r e a s i n g  h a r d n e s s  
o b s e r v e d  i n  R e g i o n  I I .
R e g i o n  I I I  T h e  g r o w t h  o f  t h e  s u b - s u r f a c e  a m o r p h o u s  l a y e r  
c o n t i n u e s  u p  t o  t h e  p o i n t  w h e r e  t h e  d a m a g e  l e v e l  a t  t h e  s u r f a c e  
e x c e e d s  t h e  c r i t i c a l  d a m a g e  l e v e l ,  a n d  t h e  s u r f a c e  a l s o  b e c o m e s
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a m o r p h o u s .  T h i s  a d d i t i o n a l  s o f t e n i n g  m a y  r e n d e r  t h e  i m p l a n t e d  
s u r f a c e  s o f t e r  t h a n  t h e  u n i m p l a n t e d  m a t e r i a l .
T h e  g r o w t h  o f  t h e  s u b - s u r f a c e  a m o r p h o u s  l a y e r  i s  s h o w n  
s c h e m a t i c a l l y  i n  F i g u r e  6 . 5 . 2  ( 8 7 ) .
Figure 6.5.2 (87). Schematic representation of sub surface 
amorphous layer growth.
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T y p i c a l  m o d i f i e d  l a y e r s  w i t h i n  i o n  i m p l a n t e d  m a t e r i a l s  a r e  
0 . 1  t o  0 . 5]^m d e e p  ( 5 9 , 6 0 , 6 1  , 7 9 , 8 3 , 8 4 )  w h i l s t  t h e  l a t t i c e  d a m a g e  
a s s o c i a t e d  w i t h  t h e s e  l a y e r s  m a y  e x t e n d  u p  t o  10 t o  1 5  t i m e s  t h e  
d e p t h  o f  t h e  i m p l a n t e d  l a y e r  ( H a r t l e y ,  5 9 ) .  P R A L  ( P r o j e c t e d  
R a n g e  A l g o r i t h m )  s i m u l a t i o n s  c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  
S u r r e y  ( D e p a r t m e n t  o f  E l e c t r o n i c  & E l e c t r i c a l  E n g i n e e r i n g ) ,  g a v e  
i m p l a n t  d e p t h s  o f  b e t w e e n  0 . 1  a n d  0 . 2 p m  f o r  9 0  K e V  N i t r o g e n  i n t o  
a  S y a l o n  c o m p o u n d  ( 1 0 6 ) .
T h e  1 0  g r a m m e  l o a d  u s e d  d u r i n g  t h e  K n o o p  h a r d n e s s  s u r v e y  
t y p i c a l l y  y i e l d e d  i n d e n t a t i o n  d e p t h s  o f  0 . 3 p m  a n d  t h i s  i s  o f  t h e
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s a m e  o r d e r  a s  t h e  i m p l a n t e d  l a y e r .  H o w e v e r ,  t h e  s c a t t e r  o f  
r e s u l t s  m e a s u r e d  d u r i n g  l o w  l o a d  m i c r o h a r d n e s s  t e s t i n g  i n c r e a s e d  
a s  t h e  l o a d  w a s  r e d u c e d ,  a s  d i s c u s s e d  i n  S e c t i o n  6 . 4 . 1 . 1 .  T h u s  
t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  n i t r o g e n  i o n  i m p l a n t e d  S y a l o n  2 0 1  
m a y  w e l l  i n d i c a t e  t r e n d s ,  r a t h e r  t h a n  a b s o l u t e  h a r d n e s s  v a l u e s .
6 . 5 . 2  I N D E N T A T I O N  F R A C T U R E  T O U G H N E S S  M E A S U R E M E N T
T h e  f r a c t u r e  t o u g h n e s s  p a r a m e t e r s  c a l c u l a t e d  f r o m  t h e  
V i c k e r s  i n d e n t a t i o n  s t u d i e s  o n  t h e  s e c o n d  b a t c h  o f  s i n t e r  H I P ' p e d  
m a t e r i a l  a r e  t a b u l a t e d  b e l o w ,  T a b l e  6 . 5 . 1
T a b l e  6 . 5 . 1 I N D E N T A T I O N  - F R A C T U R E  M E A S U R E M E N T S  
T U R N E R  &  N E W A L L  5 %  Y 2O 3 S S N  H I P
I N D E N T A T I O N  
L O A D  K g
N U M B E R
O F
R E A D I N G S
H A R D N E S S
K g / m m ^
p / C o ^/2
M P a  V m
% C
M P a V m
l O K g 3 2 1 4 4 2  ± 4 3 4 8 . 5  ± 4 , 2 3 . 6 6  ± 0 . 3 2
5 K g 3 2 1 4 4 7  ± 3 5 5 0 . 5  ± 9 . 1 3 . 7 7  ± 0 . 6 8
3 K g 3 2 1 5 6 6  ± 1 1 0 6 1 . 9  ± 1 7 . 0 4 . 4 9  ± 1 . 2 3
2 K g 3 2 1 6 6 0  ± 31 5 7 . 4  ± 1 6 . 6 4 . 1 2  ± 1 . 1 9
i K g 3 2 1 5 7 9  ± 8 2 8 1 . 9  ± 1 6 . 6 5 . 9 1  ± 1 . 1 9
0 . 5 K g 2 8 1 4 5 3  ± 1 0 2 7 3 . 9  ± 1 5 . 3 5 . 5 6  ± 1 . 1 5
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6 . 5 . 2 . 1  T h e  h a r d n e s s  v a l u e s  o b t a i n e d  d u r i n g  t h e  s u r v e y  ( G r a p h  
4 . 1 9 )  f o l l o w e d  a  s i m i l a r  t r e n d  t o  t h o s e  o b t a i n e d  d u r i n g  t h e  f i r s t  
y e a r  w o r k ,  i . e .  t h e  i n d e n t a t i o n  s i z e  e f f e c t  b e c o m e s  m o r e  
p r o n o u n c e d ,  a n d  t h e  o v e r a l l  m e a s u r e d  h a r d n e s s  v a l u e s  i n c r e a s e ,  a s  
t h e  l o a d  i s  r e d u c e d .  T h i s  e f f e c t  h a s  a l s o  b e e n  o b s e r v e d  b y  o t h e r  
w o r k e r s  o n  t h i s  m a t e r i a l  ( 9 8 ) .  T h e  r e a s o n s  f o r  t h i s  h a v e  b e e n  
d i s c u s s e d  i n  S e c t i o n  6 . 5 . 1 . 1 .
F u r t h e r m o r e ,  c o m p a r i s o n  o f  t h e  r e s u l t s  o b t a i n e d  a t  l o a d s  
b e t w e e n  0 , 5 k g  a n d  3 . 0 k g  a p p e a r  t o  b e  q u i t e  s i m i l a r ,  w i t h  t h e  
s e c o n d  b a t c h  m a t e r i a l  e x h i b i t i n g  s l i g h t l y  h i g h e r  v a l u e s  o f  p e a k  
h a r d n e s s .  T h i s  m a y  b e  d u e  t o  t h e  d i f f e r e n c e s  i n  p r o c e s s  c o n t r o l  
b e t w e e n  t h e  t w o  b a t c h e s  o f  m a t e r i a l  ( o u t l i n e d  i n  S e c t i o n  6 . 4 . 1 .  
a n d  6 . 4 . 2 ) ,  o r  t h e  i n c r e a s e d  a c c u r a c y  i m p a r t e d  b y  t h e  g r e a t e r  
n u m b e r  o f  m e a s u r e m e n t s  m a d e  o n  t h e  s e c o n d  s e t  o f  s a m p l e s . 
O v e r a l l ,  t h e  m a t e r i a l  a p p e a r e d  t o  p o s s e s s  a  " b u l k "  h a r d n e s s  i n  t h e  
r e g i o n  o f  1 5 0 0 k g  m m " ^  a t  l o a d s  b e t w e e n  3 . 0 k g  a n d  1 0 k g ,  T h i s  i s  
s i m i l a r  t o  t h a t  o b t a i n e d  b y  H o l m  ( 9 8  ) o n  c o a r s e l y  m a c h i n e d  5 %
Y 2O 3 S S N  H I P ,  b u t  l o w e r  t h a n  h i s  v a l u e  o f  1 6 0 0 K g / m m ^  f o r  p o l i s h e d
s a m p l e s .
6 . 5 . 2 . 2  T h e  v a l u e s  o f  b o t h  t h e  i n d e n t a t i o n  c r a c k  p a r a m e t e r ,  
p / C q ^ / ^  a n d  t h e  f r a c t u r e  t o u g h n e s s  s h o w  a  c l e a r  l o a d
d e p e n d e n c e ,  ( G r a p h s  4 . 2 0  & 4 . 2 1 ) .  I t  i s  s u g g e s t e d  t h a t  t h i s
b e h a v i o u r  i s  d u e  t o  a  c o m b i n a t i o n  o f  t h e  f o l l o w i n g ;
a )  T h e  i n d e n t a t i o n  s i z e  e f f e c t  ( d i s c u s s e d  i n  S e c t i o n  6 . 5 . 1 . 1 )  
h a s  a  b e a r i n g  o n  t h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s  m a d e .  S m a l l e r  
c r a c k s  a r e  s u b j e c t  t o  a  g r e a t e r  e r r o r  i n  m e a s u r e m e n t  t h a n  t h e  
l a r g e r  c r a c k s  p r o d u c e d  a t  t h e  h i g h e r  l o a d s . I n  c a l c u l a t i n g  t h e  
f r a c t u r e  t o u g h n e s s ,  t h e  c r a c k  l e n g t h  C o  i s  r a i s e d  t o  t h e  p o w e r  1 . 5  
i n  t h e  t e r m  E r r o r s  a r e  t h u s  e x a c e r b a t e d ,  a n d  t h i s  i s
r e f l e c t e d  b y  t h e  r i s i n g  t r e n d  i n  t h e  g r a p h s  a t  l o w  l o a d s .
T h e  g r a p h s  o f  b o t h  p / C q ^^^ a n d  K j q  a p p e a r  t o  b e  r e l a t i v e l y  
c o n s t a n t  b e t w e e n  l o a d s  o f  5 a n d  1 0 k g .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  
r e q u i r e m e n t s  o f  A n s t i s  e t  a l  ( 7 5 )  t h a t  t h e  i n d e n t a t i o n  c r a c k  
l e n g t h  i s  a t  l e a s t  t w i c e  t h e  l e n g t h  o f  t h e  i n d e n t a t i o n  h a l f
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d i a g o n a l  i . e .  C q > 2 a .  M e a s u r e m e n t  o f  t h e  i n d e n t a t i o n  d i a g o n a l s  
p r o d u c e d  s h o w e d  t h a t  t h i s  d i d  n o t  o c c u r  c o n s i s t e n t l y  b e l o w  
i n d e n t e r  l o a d s  o f  5 k g .
b )  T h e  c a l c u l a t i o n  o f  t h e  f r a c t u r e  t o u g h n e s s  f r o m  t h e  e q u a t i o n ;
K IC = 0 . 0 1 6  ( ± 0 . 0 0 4 ) ( E / H ) i p / C n 3 / 2  3 . 1 0
a s s u m e s  p l a n e  s t r a i n  m o d e  I c r a c k  o p e n i n g .  T h i s  w a s  n o t  t h e  c a s e  
a s  s h o w n  i n  F i g u r e  5 . 2 . 8 .  T h e  c r a c k  p a t h s  a r e  s e e n  t o  f o l l o w  a  
p r i m a r i l y  i n t e r g r a n u l a r  r o u t e  a n d  t h u s  d e v i a t e  f r o m  t h e  i d e a l i s e d  
g e o m e t r y .  I n  r e a l i t y ,  c r a c k  p r o p a g a t i o n  w i l l  b e  m i x e d  m o d e  i n  
n a t u r e  a n d  t h u s  t e n d  t o  y i e l d  l o w e r  r e s u l t s  t h a n  e x p e c t e d  (9 9 ). 
T h i s  i s  p a r t i c u l a r l y  s o  a t  t h e  l o w e r  l o a d s  w h e r e  t h e  m e a n  c r a c k  
l e n g t h s  m e a s u r e d  ( P = 0 . 5 k g ,  C o  m e a n  = 1 5 . 5 p m )  a r e  o f  t h e  s a m e  o r d e r  
a s  t h e  l a r g e r  i n d i v i d u a l  g r a i n s  w i t h i n  t h e  m a t e r i a l .
A t  l o a d s  o f  5 a n d  1 0 k g  t h e  i n d e n t a t i o n  f r a c t u r e  t o u g h n e s s  i s  
i n  t h e  o r d e r  o f  3 . 7  M P a V m .  T h i s  i s  h i g h e r  t h a n  t h e  v a l u e  o f  2 . 7  
M P a  o b t a i n e d  b y  H o l m  ( 9 8 )  o n  t h e  s a m e  m a t e r i a l ,  a n d  c o n s i d e r a b l y  
l o w e r  t h a n  t h e  v a l u e  o b t a i n e d  b y  T u e r s l e y  o f  6 . 1  M P a V m  ( 3 0 ) .  
W h i l s t  H o l m  u t i l i s e d  t h e  s a m e  t e c h n i q u e ,  s a m p l e s  w e r e  p o l i s h e d  
f r o m  s e c t i o n s  o f  b i l l e t s  t a k e n  f r o m  a n  e a r l y  b a t c h  o f  m a t e r i a l .  
T h e  d i f f e r e n t  s u r f a c e  c o n d i t i o n  o f  t h e s e  s a m p l e s  o r  i n t e r - b a t c h  
v a r i a t i o n s  i n  m a t e r i a l  p r o p e r t i e s  m a y  w e l l  e x p l a i n  t h e  d i f f e r e n c e  
i n  r e s u l t s  o b t a i n e d .  T h e  h i g h e r  v a l u e s  o f  K j q  o b t a i n e d  b y  T u e r s l e y  
a r e  d u e  t o  a  d i f f e r e n c e  i n  t h e  m e t h o d  u s e d .  T u e r s l e y  u t i l i s e d  t h e  
i n d e n t a t i o n  f r a c t u r e  m e t h o d ,  w h e r e  a  n u m b e r  o f  i n d e n t a t i o n s  a r e  
p l a c e d  i n  t h e  c o n s t a n t  s t r e s s  s e c t i o n  o f  a  4 - p o i n t  b e n d  s p e c i m e n .  
O n c e  p r o p a g a t e d  t o  f a i l u r e ,  t h e  c r a c k  l e n g t h s  o f  t h e  r e m a i n i n g  n o n  
n u c l e a t i n g  i n d e n t a t i o n s  a r e  m e a s u r e d ,  a n d  t h e  f r a c t u r e  t o u g h n e s s  
c a l c u l a t e d  f r o m  t h e  m e a s u r e d  c r i t i c a l  c r a c k  d i m e n s i o n  a n d  t h e  
f r a c t u r e  s t r e n g t h  o f  t h e  s a m p l e .
L u m b y  ( 1 0 0 )  c a r r i e d  o u t  a n  e x t e n s i v e  c o m p a r i s o n  o f  
i n d e n t a t i o n  f r a c t u r e  t o u g h n e s s  t e c h n i q u e s  o n  a  r a n g e  o f  c e r a m i c  
m a t e r i a l s .  H e  c o n c l u d e d  t h a t  s i n c e  e a c h  t e c h n i q u e  h a d  e r r o r s  a n d  
a s s u m p t i o n s  p a r t i c u l a r  t o  i t s e l f ,  c o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  
b y  d i f f e r e n t  m e t h o d s  c o u l d  o f t e n  p r o v e  m i s l e a d i n g .  I t  i s  
s u g g e s t e d  t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e  r e s u l t s  o b t a i n e d  b y
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T u e r s l e y  a n d  t h o s e  w i t h i n  t h i s  w o r k  a r e  p r i m a r i l y  d u e  t o  t h e  
d i f f e r e n c e  i n  t e c h n i q u e s  u s e d  t o  m e a s u r e  K j q .
c )  T h e  e x i s t e n c e  o f  c o n s i d e r a b l e  r e s i d u a l  s t r e s s e s  i n  c o a r s e  
g r o u n d  s a m p l e s ,  a n d  t e n s i l e  s t r e s s e s  o f  a  l o w e r  m a g n i t u d e  i n  f i n e  
g r o u n d  a n d  p o l i s h e d  s a m p l e s  ( S e c t i o n  6 . 7 )  w i l l  h a v e  a  s i g n i f i c a n t  
e f f e c t  o n  s u r f a c e / n e a r - s u r f a c e  c r a c k  p r o p a g a t i o n .  K o b r i n  &  H a r k e r
( 10 1 ) o b s e r v e d  a  d e c r e a s e  i n  t h e  r a d i a l  c r a c k  l e n g t h  p r o d u c e d  b y  
V i c k e r s  i n d e n t a t i o n s  w h e n  g l a s s  s u r f a c e s  w e r e  p l a c e d  i n  r e s i d u a l  
c o m p r e s s i o n  v i a  i o n  i m p l a n t a t i o n  t e c h n i q u e s .  W h i l s t  t h e  p o l i s h e d  
s a m p l e s  u s e d  b y  H o l m ,  a n d  t h e  f i n e  g r o u n d  s a m p l e s  u s e d  w i t h i n  t h i s  
w o r k  w o u l d  b e  e x p e c t e d  t o  e x h i b i t  n o m i n a l l y  t e n s i l e  s t r e s s e s  
( S e c t i o n  6 . 7 ) ,  a  c o m p r e s s e d  s u r f a c e  r e g i o n  w i l l  s t i l l  r e m a i n .  
T h i s  w o u l d  t e n d  t o  r e d u c e  t h e  c r a c k  l e n g t h s  o b s e r v e d  w h e n  
m e a s u r i n g  s h a l l o w  i n d e n t a t i o n s  p r o d u c e d  a t  l o w  l o a d s  ( e . g .  0 , 5k g
l o a d ,  t y p i c a l  d e p t h  3 . 6 p m ) .  T h i s  w o u l d  a g a i n  r e s u l t  i n  h i g h e r  
v a l u e s  o f  b o t h  a n d  a t  t h e  l o w  l o a d s .
6.6 MEASUREMENTS OF MACHINING AND INDENTATION DAMAGE
6 . 6 . 1  T h e  t a p e r  s e c t i o n i n g  t e c h n i q u e  r e v e a l e d  s u b - s u r f a c e  d a m a g e  
i n  t h e  f o r m  o f  i n c r e a s e d  g r a i n  p u l l  o u t  a t  d e p t h s  o f  3 t o  5p m  
b e l o w  t h e  c o a r s e  g r o u n d  s u r f a c e  ( F i g u r e s  5 . 2 . 3  &  5 . 2 . 4  ). D e e p e r  
l i n e s  o f  p l u c k o u t  u p  t o  10p m  i n  d e p t h  a l s o  a p p e a r e d  t o  b e  
a s s o c i a t e d  w i t h  s o m e  o f  t h e  d e e p e r  m a c h i n i n g  m a r k s .  I t  i s  
s u g g e s t e d  t h a t  t h e  t r a n s i t i o n  f r o m  h e a v i l y  p l u c k e d  n e a r  s u r f a c e  
m a t e r i a l  t o  u n d a m a g e d  b u l k  m a t e r i a l  d e f i n e s  t h e  d e p t h  o f  t h e  
p l a s t i c a l l y  d e f o r m e d  s u r f a c e  l a y e r .  T h i s  l a y e r  m a y  c o n t a i n  a  h i g h  
d e n s i t y  o f  i n t e r g r a n u l a r  m i c r o c r a c k s  r e s u l t i n g  i n  e x a g g e r a t e d  
g r a i n  p u l l o u t  d u r i n g  t h e  p o l i s h i n g  p r o c e s s .  F u r t h e r  e v i d e n c e  t o  
s u p p o r t  t h i s  h a s  b e e n  p r e s e n t e d  b y  K i r w a n  ( 1 0 2 )  w h o  i d e n t i f i e d  
s p o t  b r o a d e n i n g  i n  L E D  p a t t e r n s  a n d  h i g h  d i s l o c a t i o n  d e n s i t y  i n  
T E M  s t u d i e s  w i t h i n  4 p m  o f  t h e  m a c h i n e d  s u r f a c e .
6 . 6 . 2  S e c t i o n s  m a d e  a l o n g  t h e  g r i n d i n g  d i r e c t i o n  r e v e a l e d  
s u b - s u r f a c e  c r a c k s  p a r a l l e l  t o  t h e  m a c h i n i n g  d i r e c t i o n .  T h e  
c r a c k s  a p p e a r e d  a l m o s t  s e m i - e l l i p t i c a l ,  t y p i c a l l y  b e t w e e n  2 5  a n d  
3 0 p m  d e e p  a n d  b e t w e e n  1 3 0  a n d  1 8 0 p m  i n  l e n g t h ,  ( F i g u r e  5 . 2 . 5 ) .  
E l o n g a t e d  c r a c k s  w e r e  a l s o  o b s e r v e d  b y  H a k u l i n e n  ( 1 1 1 )  d u r i n g
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g r i n d i n g  s t u d i e s  o n  H I P  s i l i c o n  n i t r i d e .  T h e  o v e r a l l  a p p e a r a n c e  
w a s  s i m i l a r  t o  t h e  l a t e r a l  c r a c k i n g  o b s e r v e d  i n  g l a s s e s  a n d  t h a t  
s h o w n  o n  t h e  p o l i s h e d  c r o s s  s e c t i o n  t h r o u g h  a  K n o o p  d i a m o n d  
i n d e n t a t i o n  i n  S y a l o n  2 0 1 ,  F i g u r e  5 . 2 . 7 .  T h i s  f i g u r e  a l s o  s h o w s  
o t h e r  i n t e r e s t i n g  f e a t u r e s  a s s o c i a t e d  w i t h  t h e  f r a c t u r e  b e h a v i o u r  
o f  t h e s e  m a t e r i a l s ;
a )  T h e  K n o o p  i n d e n t a t i o n  ( F i g u r e  5 . 2 . 7 )  a p p e a r s  t o  b e h a v e  i n  
t h e  m a n n e r  p r o p o s e d  b y  L a w n  &  S w a i n  ( 7 4 )  i . e .  a  m e d i a n  v e n t  c r a c k  
b e n e a t h  t h e  i n d e n t a t i o n  a n d  a s s o c i a t e d  l a t e r a l  v e n t  c r a c k i n g .  I f  
t h e  h e a v i l y  d a m a g e d  a r e a  b e n e a t h  t h e  s u r f a c e  i s  t a k e n  t o  r e p r e s e n t  
t h e  p l a s t i c  r e g i o n  o f  t h e  i n d e n t a t i o n ,  t h e  d e p t h  o f  t h e  p l a s t i c  
l a y e r  i s  a p p r o x i m a t e l y  10 -  11p m ,
b )  B o t h  t h e  m e d i a n  a n d  l a t e r a l  v e n t  c r a c k s  s h o w  a  p r e d o m i n a n t l y  
i n t e r g r a n u l a r  c r a c k  p a t h  a n d  t h e  d e v i a t i o n  o f  t h e  m e d i a n  v e n t  
c r a c k  f r o m  l i n e a r i t y  w o u l d  s u p p o r t  t h e  a s s u m p t i o n s  i n  6 . 5 . 5.2 b  
t h a t  i n d e n t a t i o n  t o u g h n e s s  c a l c u l a t i o n s  a s s u m i n g  M o d e  I p l a n e  
s t r a i n  o p e n i n g  m a y  b e  i n  e r r o r .  T h i s  i s  a l s o  s u b s t a n t i a t e d  b y  t h e  
e v i d e n c e  i n  F i g u r e  5 . 2 . 8  w h e r e  t h e  s u r f a c e  c r a c k  p a t h s  p r o d u c e d  b y  
a  3 0 k g  V i c k e r s  i n d e n t a t i o n  i n  t h e  s i n t e r  H I P ' p e d  m a t e r i a l  a l s o  
d e v i a t e  f r o m  t h e  " i d e a l i s e d "  g e o m e t r y .
c )  B o t h  t h e  m e d i a n  a n d  l a t e r a l  c r a c k s  a p p e a r  w e d g e d  o p e n ,  a l s o  
s u g g e s t i n g  t h e  e x i s t e n c e  o f  s u b - s u r f a c e  r e s i d u a l  t e n s i l e  s t r e s s e s .
6 . 6 . 3  T h e  i m p l i c a t i o n  t h a t  t h e  d a m a g e  p r o d u c e d  b y  c o a r s e  g r i n d i n g  
i s  o f  t h e  o r d e r  o f  t e n s  o f  m i c r o n s  i n  d e p t h  i s  s u p p o r t e d  b y  
f r a c t u r e  m e c h a n i c s  c a l c u l a t i o n s  b a s e d  o n  t h e  f r a c t u r e  s t r e n g t h  
r e s u l t s  s h o w n  o n  G r a p h  4 . 1 2  a n d  i n  T a b l e  6 . 1 . 1 ,  a n d  t h e  f r a c t u r e  
t o u g h n e s s  m e a s u r e m e n t s  i n  S e c t i o n  6 . 5 .
T a k i n g  a  v a l u e  o f  Kj^-. =  3 . 7  M P a  V m  a n d  t h e  f r a c t u r e  s t r e n g t h  
r e s u l t s  f o r  0 , 4 p m  C L A  t r a n s v e r s e  g r o u n d  s a m p l e s ,  i . e .  m e a n  
s t r e n g t h  5 0 8 . 8  M P a  y i e l d s ;
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Kjc = 1.12 Of VtxC 6.6.1(110)
where Kj^ = 3.7 MPa Vm
of = 508.8 MPa
giving Flaw size = 0 = ^ 1 3pm
The calculated flaw size of 13pm is thus of the same order as
the observations made in Sections 6.6.1 and 6.6.2.
This evidence, in combination with the observations of Kirwan
(102) who identified "median vent" type cracking between 30 and 
40pm in depth on samples ground to the same schedule, supports a 
model where the deepest cracks associated with coarse grinding 
occur beneath the plastic zone, (Lawn & Swains median cracks) 
along the line of abrasion. Lateral cracking may also occur, and 
upon propagation to the surface these cracks would facilitate 
material removal. If this is the case, then the strength limiting 
damage (i.e. median vent cracking) would be proportional to the 
downforce exerted by the grinding wheel. This is itself related 
to the depth of cut taken, and, as shown in Tables 2.4.1 and
2.4.2, the coarser finished samples exhibiting observable damage 
were subject to the deepest depths of cut.
6.6.4 Attempts to apply cross sectional and SEM techniques to 
the intermediate and fine ground surfaces proved unsuccessful. 
It must be assumed therefore, that the damage remaining at this 
level was contained within a shallower surface layer than that 
observed on the coarse ground surfaces.
6.6.5 Microstructural Inhomogeneitv Within 5% YnO] SSN HIP 
Billets
Five hemispherical billet ends from the first batch of Turner 
& Newall 5% Y2O3 SSN HIP were removed prior to specimen machining 
Section 2.4.3.3) and polished for microstructural and
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microhardness examination in the manner described in Section 2.5.
On completion of the polishing procedure, "mottled" areas, 
visible to the naked eye, were observed on all five sections. 
Closer examination using reflected light microscopy revealed 
similar features on all of the billets. A photo-map. Figure
10.2.1 Appendix 2, was constructed of the polished end section of 
billet number five. This billet exhibited the most marked example 
of these features and as has been previously noted, possessed the 
highest mean fracture strengths of the samples tested.
The centre section of the billet appeared to possess a 
cellular network with a degree of fine grain pullout from the 
polishing process. This effect has been previously reported by 
Kirwan (102) and Plucknett (103). Kirwan also found traces of 
iron contamination in these areas, although none was found during 
the course of this study.
The centre section of the sample was surrounded by an area of 
finely polished material exhibiting minimal grain pullout, as 
shown schematically in Figure 10.2.2. Measurements of the 
relative dimension of these two zones are tabulated in Table
10.2.1 but on average, the cellular centre section accounted for 
some 75% of the billet diameter, with the finely polished region 
accommodating all but a narrow band within the circumferential 
edge of the billet. This remaining area was crescent shaped 
rather than circular (Figs. 10.2.1 and 10.2.2) and exhibited 
exaggerated grain pullout. This suggested that some modification 
of the intergranular phase may have occurred and "weakened" the 
near surface material. It was thought that the most likely cause 
of this would have been during the glass encapsulation of the 
billets prior to the HIP’ping operation.
The HIP'ping operation was performed by ASEA Cerama ABB, 
Robertsfors, Sweden. The Company were extremely secretive about 
this patented process, and very few process details were 
forthcoming. It was thought possible that the crescent shape of 
the near surface layer could be due to the localised breakdown of 
the boron nitride interlayer used prior to glass encapsulation, or 
contact with other samples in the HIP'ping vessel. No details of 
specimen positions within the furnace were released, nor were
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details relating to possible sources of contamination, i.e. 
samples or components of different materials from other
manufacturers.
However, previous work had indicated that the encapsulent 
glass may have been an alumino-borosilicate composition, and to 
this end the polished section from billet five was mounted for SEM 
analysis.
Figure 10.2.3 (Appendix 2) shows the results of an EDS linescan 
across the surface-near surface of the polished section.
The concentration of yttria in the near surface material was 
depleted to a depth of approximately 45pm, and a measurable
concentration of aluminium occurred within the same layer. This 
would tend to support the suggestion that contamination of the 
near surface material had occurred via the encapsulent glass. 
Furthermore, Figures 10.2.4 and 10.2.5 show back-scattered 
electron images of both the centre section and outer 30pm of the 
billet microstructure. The centre section (Figure 10.2.4) 
exhibited a fairly coarse microstructure comprising grains ranging 
from sub-micron to 10pm in size. In comparison, the outer 30pm of 
the material (Figure 10.2.5) possessed a more uniform micro 
structure somewhat finer than that observed at the centre of the
billet. The micrograph also shows the high level of pluckout
observed in the near surface material.
Whether the variability in microstructure observed was due to 
aluminium contamination or the effects of the differential cooling 
across the billet section during HIP'ping operation is, as yet, 
unknown. However, it would not be unreasonable to assume that the 
variation in microstructure observed across the billet cross 
section would affect the resultant material properties. Should 
this be the case, then not only does the material exhibit a degree 
of variability between billets manufactured from the same starting 
powder under the same HIP'ping parameters, but it may also exhibit 
variability dependant upon the original location of a sample from 
within any single billet.
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6.7 X-RAY DIFFRACTION RESIDUAL STRESS MEASUREMENTS
6.7.1 Residual stress measurements were performed on a sub­
contract basis by Dr. P.E.J. Flewitt at the CEGB Central 
Laboratories, Gravesend, Kent, (Section 2.9). The testing was 
carried out in four phases;
i) Measurements of residual strain in 5% Y2O3 SSN HIP on
surfaces diamond ground to both 0,4pm and 0,05pm CLA 
finishes. Sample size 6 x 6 x 120 mm
ii) Repeat measurements on a similar bar ground to 0,4pm and
0,1pm CLA finishes. This sample was produced from 
a batch of material subsequently found to be 
contaminated with metal oxide.
iii) Four samples of sinter HIP'ped material exhibiting both
coarse and fine ground surfaces tested before and after 
thermal annealing.
iv) Samples of Syalon 201 with surfaces in the "as ground"
condition and subject to 90 KeV nitrogen ion 
implantation.
The results of the testing carried out in phases i and ii 
have been reported previously (58) and are tabulated in Appendix 
3. The pertinent results have been summarised as follows;
6.7.1.1 Samples ground to finishes of 0,4pm CLA yielded results 
indicating a surface layer in residual compression. The 
compressive stress was greatest perpendicular to the grinding 
direction, and typically in the order of several hundreds of MPa.
6 .7.1.2 Fine ground surfaces exhibited tensile residual stresses 
and in some cases these were not significantly different from
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zero. Peak stresses were again observed to be orientated 
perpendicular to the grinding direction.
6.7.1.3 Residual stresses in the second test bar were
significantly higher than those in the first sample. This may 
have been due to the metal oxide contamination or an unrecorded 
change in the HIP parameters. No measurements of Youngs modulus 
were made on this second specimen.
6.7.2 RESIDUAL STRESS MEASUREMENTS ON PRE AND POST
ANNEALED SAMPLES
6 .7.2.1 Pre-annealing
Samples were produced in four surface conditions prior to 
residual stress measurement. These were; 0,4pm CLA and 0,06pm CLA 
as produced by P. S. Marsden Ltd. and typical of the surface 
finish obtained on fracture test bars. (Figures 5.2.2 a & b). A 
comparative sample in the fine ground condition (0,06pm CLA) 
produced by C.U.P.E. on the 7-axis precision grinding centre 
(Section 2.4.4), and a sample prepared by successively fine 
diamond polishing down to the 6pm diamond paste stage (to the 
schedule prescribed in Section 2.5). These surfaces are shown in 
Figures 5.2.2 c & d.
Initial measurements were made prior to thermal annealing and 
the results presented in Table 6.7.1 are in general agreement 
with those obtained during the first two phases of the work. That 
is, the coarse ground surface contained residual compressive 
stresses with the peak stress perpendicular to the grinding 
direction, whilst fine ground or polished surfaces possessed 
tensile stresses of a lower magnitude.
However, the peak stresses measured on the coarse ground 
samples (-150 MPa) are somewhat lower than those measured during 
phase i (=200 MPa) or phase ii (=500 MPa). These may be due to 
variations in the process control of different batches of material 
(as highlighted by both inter batch and inter billet strength 
variations), or, due to unreported changes in the machining 
schedule (Section 6.2). Furthermore, examination of the fine
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Table 6,7.1 Residual Stress measurements on 5% Y2O3 SSN HIP.
Pre and post annealed at 1400®C in air for 24 hours
Mean Residual Stress MPa
Original surface 
condition
As received 
Longitudinal Transverse
Annealed 
Longitudinal Transverse
Standard ground 
0.4p.m CLA -147 ± 14 -64 ± 23 -42 ± 14 -53 ± 9
Standard ground 
0.0611m CLA +2 ± 18 +33 ± 10 -42 ± 10 -31 ± 13
C.U.P.E. ground 
0 .0 6]im CLA +44 ± 11 +31 ± 10 -53 ± 11 -55 ± 11
Polished to 
6iim diamond + 46 ± 11 +62 ± 11 -43 ± 14 -50 ± 9
Table 6.7.2 Residual Stress measurements on 90 KeV nitrogen 
ion implanted Syalon 201 PSSN
Mean Residual Transverse Stress MPa
Sample condition Unimplanted Implanted
1 X 10^7 ions/cm^ -61 ± 17 -10 ± 13
5 X 10^7 ions/cm^ -49 ± 10 -21 ± 15
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ground and polished surfaces showed little difference in overall 
stress level between any condition. The C.U.P.E. nanomachined 
samples were "expected" to possess the most uniform surfaces, but 
in fact, the conventionally ground samples exhibited marginally 
lower stresses. However, the grinding schedule utilised at 
Cranfield (Table 2.4.4) showed that whilst care had been taken to 
remove at least 200pm of material from the original surface of the 
sample, problems encountered with the wheel bond during the final 
cutting operations had limited the amount of material removed in 
a "ductile" manner to approximately 10pm (106). It would 
therefore not be unreasonable to assume that the surface condition 
of the sample was less than optimised. This is supported by the 
evidence in Figure 5.2.2c where residual machining marks are 
present on the surface. Furthermore, the small number of results 
obtained (6 each) and the averaging effect of the XRD technique 
over the sample depth of =12pm would suggest that the results 
should be seen as indicative of the trends in the material 
behaviour rather than absolute values of residual tensile stress.
Whilst exhibiting the greatest tensile stresses measured 
(approximately + 54 MPa mean), the diamond polished samples
clearly showed a reduction in the anisotropy associated with the 
residual stresses. This was presumably due to the
multi-directional nature of free abrasive polishing.
6 .7.2.2 Post annealing
On the basis of the MGR results obtained on the annealed 
samples (Section 6.3.4), annealing was carried out at 1400°C in
air for 24 hours. Samples were then returned to the CEGB
Laboratories for repeat measurements.
The results presented in Table 6.7.1 clearly show that in all 
cases, the residual stresses associated with the machined surfaces 
have reduced in magnitude and tended to compressive residual 
stresses in the order of 40 to 50 MPa. It is suggested that this 
was due to a relaxation of the surface-near surface material by 
viscous flow or movement of the intergranular phase. It has been 
shown (Section 6 .3.5.3), that the near surface material was 
denuded of yttria to a depth of approximately 12pm, and this
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diffusional region is the same as the sample depth during X-Ray 
diffraction (10-12pm, Section 2.9).
The palliative effects of thermal annealing thus appear to be 
due to a diffusion of the near surface second phase material and 
relaxation of the stressed near surface material. As yet, no 
taper sections of annealed material have been produced, and near 
surface crack healing of intergranular damage can only be assumed. 
However, whilst this treatment appears to be beneficial to the 
room temperature properties, the effects of a near surface region 
of modified composition on the long term material properties have 
yet to be fully assessed.
6.7.3 Residual Stress Measurements on 90 KeV Nitrogen Ion
Implanted Syalon 201
As a result of the M.O.R and microhardness testing performed 
on the range of ion doses examined, two conditions were selected 
for residual stress measurements. These doses were 1 x 10^^/cm^ 
exhibiting maximum improvement in M.O.R and Weibull modulus, and 
5 X 10^^/cm^ where surface amorphisation was observed and 
reductions in both M.O.R and microhardness were recorded. Samples 
machined to a 0,1pm CLA surface finish and nitrogen ion implanted 
were thus subject to residual stress measurements. Table 6.7,2.
The sample implanted at 1 x 10^^ ions/cm^ did not exhibit 
intense, implant induced residual compressive stresses as had been 
expected. The initial surface condition indicated the presence of 
grinding induced residual compressive stresses in the order of 50 
to 150 MPa. Ion implantation reduced these to nearly zero. 
Whilst this may have been responsible for the increase in both the 
M.O.R and Weibull modulus, the results appear contrary to a 
simplistic model of surface toughening via surface compression. 
There are several possible explanations for this behaviour.
Firstly, it may be that implantation at a dose of 1 x 10^^ 
ions/cm^ did induce a residual compressive stress, but that this 
stress was very intense and restricted to the shallow near surface 
region of the implant, (i.e.< 1pm). This would render the region 
outside the limits of resolution of the XRD process, but the
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"averaging" effect of the process over a depth of 10-12pm would 
detect the commensurate balancing tensile stress as an additive 
factor to the original compressive machining stresses. This would 
account for the overall reduction in the stresses measured. 
Whilst this argument would support the findings of Hartley (59), 
i.e. that the effects of ion implantation are more far reaching 
than the depth of the implant itself, meaningful interpretation of 
the results was hindered by a lack of information regarding the 
exact nature of the tenses, magnitude and depth of each of the 
stress fields prior to the super position of one on the other. 
Further measurements on initially "stress free" surfaces and a 
residual stress measurement technique with finer depth resolution 
are thus required.
A second possible explanation is that at a dose of 1 x 10^^ 
ions/cm^, the implanted layer stress relieved itself due to the 
onset of sub-surface amorphisation, and did so to a degree capable 
of reducing the initial residual machining stresses (Table 6.7.2). 
Relaxation of implant induced stresses was observed by Page & 
Burnett (84,88) on sapphire, soda-lime and silica glass, and 
Madakson (81) on aluminium. Ion doses were typically between 1 x 
lO^G and 1 X 10^^ for the ceramic materials, and 4 x 10^^ ions/cm^ 
for aluminium. These samples were thus in region II of Figure
6.5.2 (87).
Evidence to support this behaviour is presented in the 
microhardness survey. Graph 4.17, which shows great similarity 
with the hardness results obtained by Page & Burnett on Titanium 
ion implanted sapphire (88). After an initially linear increase 
in the implant induced residual stress, mirrored by an increase in 
the near surface hardness, sub-surface amorphisation begins and at 
this point stress relief occurs. This is reflected by a decrease 
in the measured hardness values. Graph 4.17 quite clearly shows 
that peak hardness values were recorded at doses between 4 and 6 
X 10^6 ions/cm^, and that beyond this dose surface softening was 
evident.
Whilst either model may explain the behaviour of the sample 
implanted at 1 x 10^^  ions/cm^,it is suggested that a combination 
of the two occur, falling into regions I and II of the model 
system proposed by Page & Burnett, Figure 6.5.1 (84). It was
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initially thought that the onset of sub-surface amorphisation 
occurred at a dose of approximately 1 x 10^^  ions/cm^, since 
measured mechanical properties decreased above this dose. 
However, recent analysis using the "SUSPRE" programme developed at 
the University of Surrey (104) indicated that the critical dosage 
for amorphisation was in the order of 4.7 x 10^^ ions/cm^. This, 
in combination with the microhardness results, would suggest that 
the ion implanted Syalon 201 lay in region I (i.e. residual 
compressive stresses proportional to ion dosage) at doses up to 6 
X lO^G ions/cm^. Region II would exist at doses between 6 x 10^^ 
ions/cm^ and 3 x 10^^ ions/cm^ (by interpolation from Graph 4.17), 
at doses beyond this the sample surface will have been fully 
amorphised, as was observed at 5 x 10^^ ions/cm^.
Should this be the case, then the changes in MOR and Weibull 
modulus observed at the 1 x 10^^  ions/cm^ dosage could not be due 
to residual compressive stresses, but must be due to a combination 
of the relaxation of the initial residual stresses and radiation 
damage within the implanted material. The Page & Burnett model of 
"spikes" of damaged material lying in the wake of the incoming 
ions (84) would explain the significant increase observed in the 
Weibull modulus (m = 5.25 datum and 13.29 1 x 10^^ ions/cm^) since 
these spikes would be present in large numbers and therefore 
constitute a high density of relatively uniform structural 
defects.
The samples implanted at 5 x 10^^ ions/cm^ showed a reduction 
of 200 MPa on mean strength compared with the unimplanted 
condition. SEM studies (Figs. 5.4.1 and 5.4.3) indicated that 
the surface was fully amorphised at this dose, and it is assumed 
that the implanted region had fully stress relieved itself via the 
growth of the amorphised layer. It would therefore appear that 
the reduced mechanical properties observed in Section 6.3.2 were 
due to the formation of the blistered amorphised layer (Figs.
5.4.1 and 5.4.2) rather than any adverse residual stresses.
The amorphised layer formed at this dose was between 1 and 
2pm in depth. This was also observed by Morrisey (108) during 
studies of ion implanted sinter HIP’ped silicon nitride. These 
observations imply that the effects of ion implantation are indeed 
further reaching than the depth of the implanted layer. Further
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studies into the development of amorphised layers are currently 
underway.
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7.0 CONCLUSIONS
7 .1 Diamond Grinding
7.1.1 Diamond grinding silicon nitride to surface finishes
between 0,4pm CLA and 0,05pm CLA results in sub-surface 
damage that affects both the strength and reliability 
of the material.
7.1.2 This damage is most severe along the line of the 
grinding direction. Coarse ground samples may exhibit 
a strength anisotropy of up to 35% (mean strength) when 
tested perpendicular to the lay of the grinding. This 
anisotropy reduces as the surface finish improves, and 
in some cases is almost negligible. However, no simple 
relationship between specimen surface finish and 
subsequent fracture strength has been developed.
7.1.3 The coarse machining operation is capable of increasing 
the Weibull modulus (m) of some fully densified 
materials above that inherent to the bulk 
microstructure. It is assumed that this occurs by the 
introduction of a large number of critical defects from 
the grinding process.
7.1.4 Finer surface finishes yield Weibull moduli thought to 
be more representative of overall material properties. 
Values of m = 8.0 were measured for Syalon 201 and 
the improved processing technology used in the
manufacture of 5%Y203 SSN HIP resulted in Weibull moduli 
of between 14 and 18.
7.1.5 The degree to which diamond grinding affects the
mechanical properties of silicon nitride is limited by 
the degree of refinement of the materials
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microstructure. Thus, low grade materials such as 
10.2A.2 SRBSN show far less dependence on the machined 
surface condition than fully densified material such as 
Syalon 201 and 5% Y2O3 SSN HIP. This is due to the high 
level of process flaws and defects present in the SRBSN.
7.2 PALLIATIVE TREATMENTS
7.2.1 Thermal annealing of Syalon 201 reduces mechanical 
properties via oxidative degradation of the exposed 
surface. This effect is particularly severe at 1400°C 
after only 24 hours exposure.
7.2.2 Nitrogen ion implantation of Syalon 201 at 90 KeV 
results in modest improvements in M.O.R and significant 
improvements in Weibull modulus at a dose of 1 x 10^^ 
ions/cm^. Ion implantation at a dose of 5 x 10^^ 
ions/cms^ causes a reduction of both properties, due to 
the formation of a blistered amorphised surface layer.
7.2.3 Thermal annealing of 10.2A.2 SRBSN results in marginal
improvements in MOR. The effectiveness of this 
treatment is limited by the high level of process 
induced defects within the bulk material.
7.2.4 Thermal annealing of 5% Y2O3 SSN HIP increases M.O.R
values by more than 20% when compared with untreated 
samples. The treatment is time dependent for the first 
24 hours and in general does not reduce material 
properties for exposures of up to 100 hours.
7.3 DIAMOND INDENTATION & FRACTURE TOUGHNESS MEASUREMENTS
7.3.1 Knoop diamond indentations in Syalon 201 show
median/lateral vent cracking consistent with the 
model proposed by Lawn and Swain. Crack paths are 
predominantly intergranular and residual tensile 
stresses may exist around crack tips.
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7.3.2 The near surface hardness of ion implanted Syalon 201 
increases as the dose level is raised from 1 x 10^^  
ions/cm^ to between 4 and 6 x 10^^ ions/cm^. Beyond this 
dose softening occurs, and at a dosage of 5 x 10^^ 
ions/cm^ the surface exhibits half the hardness of the 
un-implanted material.
7.3.3 Both 10.2A.2 SRBSN and 5% SSN HIP exhibit an
indentation size effect during microhardness testing. 
This effect is most pronounced at the lower loads. 
At indentation loads of 2 and 3 kg values appear to be 
more consistent, and the sinter HIP’ped material has a 
Knoop hardness of 1520KHN and the SRBSN a hardness of 
1 280KHN.
7.3.4 Indentation fracture toughness measurements on 5% Y2O3
SSN HIP are load dependent below 5 kg indenter load. 
Beyond this, the indentation crack size is greater than 
twice the indentation diagonal (i.e. C > 2a) and mean 
values of Kjj^  = 3.7 MPa Vm are recorded. These values 
are subject to errors incurred during crack measurement 
and due to the intergranular nature of indentation crack 
systems in this material.
7.4 X-RAY DIFFRACTION RESIDUAL STRESS MEASUREMENTS
7.4.1 Diamond grinding to surface finishes of 0,4pm CLA
leaves surfaces in a state of residual compression.
These stresses are typically in the order of several 
hundred MPa and greatest perpendicular to the grinding 
direction.
7.4.2 Progressively finer ground surfaces are left in a state
of residual tension. These stresses are in the order of
tens of MPa and remain greatest perpendicular to the 
grinding direction. Samples prepared by free abrasive
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polishing do not show this anisotropy.
7.4.3 Both thermal annealing and ion implantation cause
reductions in the residual stresses associated with 
diamond ground surfaces. These reductions are thought 
to contribute to the improved mechanical properties 
measured on some treated samples.
7.5 MICROSTRUCTURAL DAMAGE
7.5.1 Coarse ground surfaces of sinter HIP’ped material
possess intergranular damage at depths of 3-5pm below 
the surface. Localised areas of up to 10pm in depth 
occur beneath particularly deep grinding grooves. This 
region is thought to represent the depth of the 
plastically deformed layer produced by coarse grinding.
7.5.2 Microscopy and calculations based on MOR and fracture
toughness values indicated that the damage beneath
plastically deformed layer associated with the coarse 
ground surface was between 10pm and 30pm deep. In order 
to fully remove the damage caused by coarse machining it 
is recommended that a minimum of 50pm of material is 
removed by fine grinding on surfaces requiring high 
strength and integrity.
7.5.3 Microstructural variations occur within billets of
sinter HIP’ped material as a result of contamination 
during the manufacturing process. Interdiffusion of 
aluminium and yttria leave a near surface region with 
reduced integrity and this exhibits excessive grain
pluckout during free abrasive polishing.
7.5.4 Billets of sinter HIP'ped material do not possess a 
uniform microstructure across the billet section. 
Material at the centre of the billet exhibits a coarser 
microstructure than that at the surface. This may be 
due to furnace cooling rates, contamination or some 
other factor. As yet, no attempt to measure variations
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in mechanical properties across billet cross sections 
have proved successful.
7.6 GENERAL OBSERVATIONS
7.6.1 All of the materials tested during the course of this
work possessed microstructural defects due to incorrect 
processing. Variations in material properties were 
observed both between batches, and in samples taken from 
within the same batch of material. There is also some 
evidence to suggest that variable properties would be 
obtained at different positions from within an 
individual billet of sinter HIP'ped material. Close 
control of the material manufacturing process is thus 
required prior to the full characterisation of these 
materials.
7.6.2 Accurate determination of the damage introduced by
diamond grinding was hampered by occasional unspecified 
variations in the grinding schedule. More accurate 
measurements would be possible using a dedicated machine 
tool located in a Research Laboratory.
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8.0 RECOMMENDATIONS FOR FURTHER WORK
8.1 The 5% Y2O3 SSN HIP material was developed as a successor to 
Syalon 201 PSSN once the thermal limitations of the material 
became apparent. Future demonstrator components such as 
turbine blades, guide nozzle vanes and shroud rings are 
scheduled to run in the AMED engine in early 1993. To this 
end, the majority of future work is concerned with the 
characterisation of this material.
8.2 Residual stress measurements indicated that the Cranfield 
precision grinding centre was capable of producing surfaces 
at least as good as those produced by the best conventional 
surface grinding. Problems associated with the machining of 
the specimens indicated that the first attempt at grinding 
the material produced less than optimum results. Bearing in 
mind the problems encountered during the production of 
specimens in the "conventional" manner, it is suggested that 
further studies are undertaken in order to optimise the 
precision grinding process. This would allow full control 
and measurements of parameters such as speeds, feeds and 
depths of cut since the machine is primarily a research tool.
8.3 Whilst developing the C.U.P.E machine as a means of producing 
test samples and developmental components for mechanical 
property evaluation, single point diamond scratching studies 
should be instigated as a means of identifying the exact 
nature of the damage produced and relating this to both depth 
of cut and the forces associated with the abrader. Studies 
have already been undertaken at the University of Surrey (98) 
and a continuation of these using a more refined machine 
would form the basis of this work.
8 .4 The results obtained from the work suggested in the previous 
two sections should allow the construction of a mathematical 
model where the onset of sub-surface cracking could be 
predicted, and the severity of subsequent damage quantified. 
This should then allow the formulation of a refined grinding 
schedule where the damage introduced during bulk material
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removal (coarse machining) could be followed by the precise 
amount of damage free machining required to leave the surface 
in the optimum condition.
8.5 The effects of the ion implantation process on Syalon 201 
need to be more fully understood than is presently the case. 
Residual stress measurements on nominally stress free samples 
implanted at doses in the order of 10^^  ions/cm^ would 
clarify whether or not surfaces are placed in a state of 
residual compression prior to the onset of amorphisation and 
subsequent relaxation. Furthermore, the effective depth of 
the implanted layer needs to be determined. This would be 
best achieved by progressively sputter or acid etching the 
surface material away prior to a series of repeated XRD 
residual stress measurements or low load microhardness 
testing.
8.6 Whilst the initial annealing trials performed on coarse 
ground sinter HIP'ped material are encouraging, studies need 
to be performed in order to determine the long term effects 
of the oxide layer on both room and elevated temperature 
properties of the material. Should these prove to be 
deleterious, either by excessive creep or oxide defect 
formation, then not only is the need for a refined grinding 
schedule increased, but a modification to the composition of 
the intergranular phase is required to optimise creep 
properties.
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Appendix 1. Microhardness & Indentation Fracture Results.
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Table 1 0 .1 .2 . Indentation Size Effect Study. 
Turner & Newall 10.2A.2 SRBSN & 5 %Y2 p 3  SSN HIP.
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Load
grammes
10.2A.2. SRBSN 
KHN Kg/mm^
5% YgOg SSN HIP 
KHN Kg/mm^
3000 1182.6 1530.6
1317.6 1567.8
1260.9 1477.2
1288.8 1512.3
2000 1335.0 1516.2
1317.0 1516.2
1231.8 1473.0
1561.4
1500 1366.1 1533.0
1410.8 1482.5
1302.8 1558.5
1000 1437.5 1628.0
1497.0 1645.0
1395.0 1603.4
1586.9
500 1473.3 1689.3
1435.8 1839.3
1473.3 1821.8
1309,8 1821.8
200 1225.2 1950.8
1175.8 2078.8
1350.9 2078.8
1525.2 2057.2
100 1814.9 2864.8
1910.7 3169.2
1997.7 2997.2
1453.3 3424.9
50 1932.3
1817.1
3047.1
2220.4
25 2892.9
2658.1
3593.0
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Appendix 2. 5% YgOg SSN HIP polished billet section.
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Typical Billet microsection 
Turner & Newall 5% Yg O3 SSN HIP
AREA OF EXCESSIVE 
PLUCKOUT
FINE POLISHED 
SURFACE
FINE PLUCKING AND CELLULAR NETWORK
Figure 10.2.2.
Table 10.2.1.
Billet 0 Deg. t1mm
12
mm
13
mm D1mm
0 2
mm
1 41.0 0.3350.289
0.838
0 . 6 8 6
0.914
0 . 6 8 6 15.8 2 1 . 8
2 51.5 0.2890.259
0.689
0.609
0.823
0.767 14.6 20.3
3 13.3 0.6090.533
0 . 6 8 6
0.609
0.213
0.152 16.6 21.4
4 30.1 0.4880.381
0.960
0.914
0.930
0.853 15.8 20.9
5' 45.5 0.2740.229
0.853
0.762
0.564
0.533 17.3 21.1
Figure 10.2.2. shows a representation of the optical effects 
observed on all polished cross sections of the Sinter-HIP  
material. Table 10.2.1. contains the relative dimensions of 
the areas identified on the figure.
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74um
74um 74um
ALFULL SCALE 11 FULL SCALE: 2M7
Figure 10.2.3. EDS finescan through polished section 
of billet 5. Upper figure shows area of linescan 
whilst lower figure shows concentration gradient of 
Aluminium and Yttria.
229
3'00KX 15KV WD=26MM S-00000 P-00016 1 0UM--------------- -
Figure 10.2.4. Microstructure at billet centre section. 
Note range of grain sizes evident in this figure.
Figure 10.2.5. Billet microstructure at near surface. 
Note more uniform distribution of second phase 
and finer grain size. Areas of piuckout appear as 
irregular shaped black regions on micrograph.
3^00KX 15KV WQ:26MM 8:00000 P:00023 1 0UM —
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Appendix 3. X -ray diffraction residual stress measurements 
on Syalon 201 PSSN & 5% YgO^ SSN HIP.
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Table 10.3.2. X -ray residual stress on Sinter HIP silicon nitride -  material 
contaminated with metal oxide inclusions. Young’s modulus assumed to 
be 272 G Pa.
Face Position Longitudinal Stress MPa
Transverse Stress 
MPa
1 -74 ± 13 -295 ± 16A 2 -89 ± 11 -330 ± 21
3 -59 ± 10 -275 ± 22
1 -159 ± 33 -434 ± 22B 2 -142 ± 26 -353 ± 323 -34 ± 11 -474 ± 21
1 -129 ± 20 -426 ± 38C 2 -127 ± 25 -530 ± 263 -115 ± 32 -391 ± 36
Table 10.3.3. X -ray residual stress on Sinter HIP silicon nitride -  material 
contaminated with metal oxide inclusions. Young’s modulus measured by 
ultrason ic method as 322 GPa.
Face Position Longitudinal Stress MPa
Transverse Stress MPa
1 -88 ± 15 -349 ± 19A 2 -105 ± 13 -391 ± 253 -70 ± 12 -326 ± 26
1 -188 ± 39 -514 ± 26
B 2 -162 ± 31 -418 ± 383 -40 ± 13 -561 ± 25
1 -153 ± 24 -504 ± 45C 2 -150 ± 30 -627 ± 3 13 -136 ± 38 -463 ± 43
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Figure 10.3.3. Nitrogen Ion implanted Syalon 2 0 1  samples used for residual 
stress measurements at the CEGB laboratories. Samples ground In 
circumferential direction to 0 ,1 um CLA.
Sample 1. 90 kev nitrogen at IXIO"*^ ions/cm^. Sample 2. 90 kev nitrogen at 5X10^^ Ions/cm^.
A
i :-----  Implanted region
i
* 5 -
*4-
V
Implanted region
T ab le  10.3.5. R esidual stress m easurem ents in ’Y* d irection  
on nitrogen ion im planted  Syalon 201.
Position 
Fig.10.3.3. Xmm
Sample 1 
Ymm Stress MPa. Xmm
Sample 2 
Ymm Stress MPa.
1 4 20 -142 4* 19 3 6 -51 + 11
2 8 17 —43 + 15 8 10 —55 + 7
3 9 12 +1 + 17 3 17 -42 + 11
4 2.5 13 —7 13 3 11 -32 + 8
5 2.5 10 -24 13 3 14 —20 4* 28
6 4 8 0 + 14 3 17 —11 + 10
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Appendix 4. Oxide layer measurements on 5% YgO^ SSN HIP 
after exposure at 1400 ° C in air.
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Figure 10.4.1. 5% Y2O3 SSN HIP. Typical oxide layer 
thickness after 24 hours exposure at 1400° C in air.
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Figure 10.4.2. Surface oxide products formed on 
5% Y2O3 SSN HIP after 100 hours at 1400 c in air.
X-RflV Live: R e& I :
0 - 1 0  keV 50s Preset: 62 s
X-RAYLive:Real:
0 — 10 keV 50 s Preset: 57s 50s Remai ni ng:/4- Os19% Dead 12% Dead
2.260 keVch 236' 2.260 keVch 236=FS= 4K MEM1 : FS= 4K IMEMI ; 27 cts
Figure 10.4.3a. Figure 10.4.3b.
Figure 10.4.3 a & b. Microprobe analysis of surface oxide 
products. Figure a. shows yttria / silica rich composition of 
surface crystallites. Figure b. shows background material to be 
silicon rich.
240
15KV WD:15MM
Figure 10.4.4a.
Figure 10.4.4b.
Depth pm.
<------- 12pm-
-37pm-
Figure 10.4.4 a & b. EDS linescan through 
polished section of 5% Y2O3 SSN HIP, 
oxidised at 1400 C for 100 hours.
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